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THY MERCY ^5" THEY 
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INTRODUCTION 
Technological advances have changed American agricul­
ture into one of the most highly productive agricultural 
systems of the world. American agriculture now supports a 
domestic population exceeding 200 million and provides food 
for additional people around the world. One U.S. farmer 
produces enough food for more than 50 other persons (CAST, 
1977). 
Because of these technological advances, the output 
per farmer has increased phenomenally. In 1910, the U.S. 
farmer needed 135 hours to produce 100 bushels of corn; in 
1960, it required 23 hours to produce 100 bushels of corn 
(Dieffenbach and Gray, 1960) , while in 1982 in order to 
produce 100 bushels of corn, only 0.4 hours were required 
if a no-till system was used, 0.7 hours if reduced tillage 
was used, and 0.9 hours for a conventional tillage system 
(Colvin et al., 1981b, 1982a). 
Technological advances are manifested in the use of 
new types of machines, new forms of power, modified farming 
practices, and many other things. Some of the increased 
production due to technology must be credited to advances in 
non-engineering agricultural technology like superior crop 
varieties, more effective use of herbicides and fertilizers, 
and improved cultural practices. However, one of the major 
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factors has been the application of more energy and use of 
more effective and efficient machines and implements. 
Mechanization was induced mainly because of a shortage 
of farm labor in relation to available land. Advantages of 
mechanization were found in minimization of peaks of labor 
demand, cost reduction, alleviation of drudgery, and in­
crease of output per man. 
On today's farms, all kinds of machines are found, from 
plows, harrows, planters and cultivators, harvesters to 
haybalers, conveyors, water pumps, and sprayers. Although 
considerable progress has been made in machinery design and 
development, the demand for more machines is increasing 
every day. Machines for special crops and machines for 
special operations are required. 
Conservation tillage practices are being adopted by 
more farmers every year. Table la shows the estimates of 
land in conservation tillage in the U.S. for 1978 and 1979 
(Crosson, 1981). In Iowa, conservation tillage was used 
on about 75 percent of the row cropland in 1982 (Table lb). 
Conservation tillage includes any cultural system that 
contributes to reduced soil erosion. It is not limited to, 
but includes reduced or minimum tillage. It may be as simple 
as contouring, terracing, strip cropping, or rotations. The 
ultimate in conservation tillage is no-tillage or zero till­
age which involves fertilizer application and slot planting 
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Table la. Conservation tillage by region (Crosson, 1981) 
1978 1979 
Percent- Percent-
Region Millions age of Millions age of 
acres cropland acres cropland 
harvested harvested 
Northeast 2. ,23 17. ,2 2. 40 18. 2 
Lake states 6. ,78 18. ,2 6. ,93 17. ,9 
Corn Belt 20. ,33 24. ,6 21. ,73 28. 7 
Northern Plains 23. ,65 32. 2 25. 01 33. 3 
Appalachia 5. 42 29. 8 5. 83 30. 7 
Southeast 4. ,55 31. 4 5. 09 33. 5 
Delta 1. 26 6. 7 1. 36 7. 0 
Southern Plains 2, 24 7. 5 1. 98 6, .1 
Mountain 6. 31 24. 6 6. 43 24, .8 
Pacific 1, .90 10. 9 2, .35 13, .5 
Total 74, .67 22 .6 79, .11 23 .1 
Table lb. Conservation tillage in lowa^ 
Row crop area CT % of 
Year Chisel Till No All Total 
iMOxaooara 
plowed Corn Beans Total total plowed planted till other row 
crop 
a 
1968 — —  113 19 •" — 444 15,478 10,346 5,576 15,922 3 
1969 — — 173 31 1,137 14,944 10,449 5,632 16,081 7 
1970 212 52 1,972 14,533 10,668 5,857 16,525 12 
1971 666 227 70 1,264 2,228 15,496 12,208 5,516 17,724 13 
1972 866 238 101 1,614 2,900 14,405 11,255 6,050 17,305 17 
1973 1,215 265 110 3.924 5,516 14,254 11,970 7,800 19,770 28 
1975 1,781 272 106 3,979 6,139 13,961 13,100 7,000 20,100 31 
1976 2,309 281 118 4,414 7,202 13,218 13,950 6,470 20,420 35 
1977 4,199 345 67 4,775 9,385 11,515 13,800 7,100 20,900 45 
1978 4,385 277 69 6,031 10,762 10,338 13,500 7,600 21,100 51 
1979 5,424 277 75 5,902 11,678 10,022 13,500 8,200 21,700 54 
1980 6,628 266 112 6,164 13,169 9,131 14,000 8,300 22,300 59 
1981 6,909 222 223 6,177 13,531 8,319 13,700 8,150 21,850 62 
1982 8,101 266 344 7,,682 16,394 5,356 13,200 8,550 21,750 75 
Unpublished results of a survey by the U.S. Dept. Agric., Soil Conservation 
Service, Federal Building, Des Moines, Iowa (1983). 
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both done in one operation. 
Conservation tillage systems control erosion not only 
to preserve the land resource, but also to improve off-site 
effects, including maintenance of water quality. These 
systems also have lower energy demand and lower man-hour 
requirement. In addition to all these benefits, conserva­
tion tillage may reduce costs and increase return to manage­
ment due to maximized machinery use (Hamlett et al., 1981). 
Distinguishing characteristics of conservation tillage 
and conventional tillage are shown in Table 2. One main 
characteristic of conservation tillage systems is that they 
leave varying amounts of the previous year's crop residue 
on the soil surface to absorb raindrop impact and slow (and 
usually decrease) runoff, which in turn decreases erosion. 
However, the desire to leave some crop residue on the 
surface prevents complete incorporation of surface-applied 
chemicals. Changes which came with the adoption of conserva­
tion farming are of sufficient magnitude that some conven­
tional farming machines are not well-adapted to the needs 
of conservation systems. The new requirement is that con­
servation equipment must perform an efficient operation as 
well as conserve the soil. 
It has been said that the field of farm machinery design 
presents a greater challenge for the engineer's ability 
than any other field of engineering endeavor (Kepner et al.. 
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Table 2. Distinguishing characteristics of conservation 
tillage and conventional tillage (Crosson, 1981) 
Tillage system 
Characteristic 
Conservation Conventional 
Tillage instru­
ment 
Crop residue on 
soil surface 
Weed control 
Not the mold-
board plow 
Enough to reduce 
erosion signifi­
cantly 
Primarily herbi­
cides, but may 
also cultivate 
Moldboard plow 
Little or none 
Mechanical cultiva­
tion more important 
than with conserva­
tion tillage, but 
herbicides typically 
used also 
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1978). Farm machines must perform satisfactorily over wide 
ranges in a considerable number of variables. They may be 
operated where the temperature is well above 40°C or where 
it is below freezing, and are subjected to rain, snow and 
winds. Instead of resting on a solid factory floor or mov­
ing over a smooth road, they must operate over uneven ter­
rain, through dust, sand, mud and stones. They must be 
designed to handle wide variations in crop and soil condi­
tions. Operators often are relatively unskilled, partly 
because of limited usage of these machines. 
One of the problems of using conservation tillage is 
that the agricultural chemicals, some of what cannot be used 
without soil incorporation and others whose efficiency in­
creases with incorporation, cannot be easily incorporated 
without losing some of the soil-protecting surface residue. 
It appears that some type of residue-handling machine is 
required for conservation tillage systems. The challenge 
of designing such a machine was accepted. This dissertation 
records the methods used, efforts expended, and results ob­
tained in designing, developing and testing that machine. 
8 
OBJECTIVES 
The growing need for conservation tillage systems 
machinery, the demand for information about corn residue 
handling for conservation tillage systems and the economic 
significance of the problem were reasons which led to selec­
tion of this research topic. 
The overall objectives of this research were; 
(1) Investigate the properties of residue that affect 
its handling characteristics. 
(2) Design and develop a machine which would allow 
chemicals to be incorporated for maximum effec­
tiveness while retaining the protective residue 
cover for maximum soil erosion control in corn 
conservation tillage systems. 
(3) Analyze the residue handling performance of the 
machine developed. 
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REVIEW OF LITERATURE 
Many publications related to the objectives of this 
endeavor were reviewed by the author. The main topics for 
the literature review of this dissertation are: 
(1) Erosion and pollution problems of U.S. agri­
culture; 
(2)^ Conservation tillage systems; 
(3) Herbicide application problems with conservation 
tillage systems; 
(4) Use of crop residue in conservation tillage 
systems; 
(5) Methods of estimating crop residue cover; and 
(6) Conservation tillage herbicide application 
machinery. 
Erosion and Pollution Problems of U.S. Agriculture 
Soil erosion and sedimentation are major problems that 
reduce cropland productivity, degrade water quality, carry 
polluting chemicals, and reduce the capacity of waterways 
and reservoirs. 
It is estimated (USDA, 1980) that 6.4 billion tons gross 
erosion is taking place every year from non-federal land 
(Table 3). Soil is eroded mainly by wind or water. Water 
erosion is categorized as sheet, rill, gully and stream 
erosion. 
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Table 3. Gross erosion on non-federal land in the United 
States (USDA, 1980) 
Sheet, rill and wind 
erosion on agri­
cultural land 
Land use <5 
tons/ 
5-13.9 
tons/ 
14+ 
tons/ 
Total 
acre­
age in 
land 
Total 
erosion 
acre/ 
year 
acre/ 
year 
acre/ 
year 
use 
(Million 
acres) 
(Billion 
tons) 
Cropland 
Pastureland 
Forest land 
272.2 
119.0 
353.0 
93.1 
9.5 
11.7 
48.0 
5.0 
4.9 
413.3 
133.6 
369.7 
2.82 
0.35 
0.44 
<2 
tons/ 
acre/ 
year 
2-4.9 
tons/ 
acre/ 
year 
5+ 
tons/ 
acre/ 
year 
Rangeland 283.5 55.5 68.9 407.9 1.71 
Total sheet, rill, 
and wind erosion 5.32 
Total erosion on 
streambanks, gul­
lies , roads and 
roadsides, and 
construction sites — — — — 1.10 
Grand total 1027.7 169.8 126.8 1324.5 6.42 
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Soil erosion is usually measured or estimated in terms 
of tons of soil eroded per acre per year (Philips, 1982). A 
ton of soil is roughly equivalent to a cubic yard. One 
acre-inch of top soil weighs about 150 tons. Thus, a soil 
that is losing 5 tons per acre per year would lose an inch 
in about 30 years. (T) values are used to express the maxi­
mum average annual soil loss through erosion that a given 
soil can sustain without reducing its productive capability. 
(T) values range from 1-5 tons per acre per year. 
On the national level, erosion rates exceeded 5 tons per 
acre per year on about 23 percent of the cropland, 11 percent 
of the rangeland, 7 percent of pastureland, 15 percent of the 
grazed forestland, and only about 2 percent of non-grazed 
land (Tables 4 and 5). The corn belt has almost 37 percent 
of the land area with excessive erosion in the United States. 
Iowa has the largest acreage of cropland with high erosion 
rates, where about 6 million acres loss less than 2 tons per 
acre per year, 8.5 million acres lose 2-4.9 tons per acre per 
year, 7 million acres lose 5-13.9 tons per acre per year, and 
about 5 million acres experience more than 14 tons per acre 
per year. Indeed, some areas of western Iowa have erosion 
rates of 50 tons per acre per year. 
The major factors affecting erosion and sedimentation 
processes were described by Foster and Meyer (1977). These 
factors were; climate (hydrology), soil, topography, soil 
Table 4. Sheet and rill erosion on cropland and pastureland, by state, 1977 
(USDA, 1980) 
Cropland Pastureland 
State Erosion, tons/acre/year Erosion, tons/acre/year 
<2 2-4.9 5-13.9 14+ <2 2-4.9 5-13.9 14+ 
(1, 000 i acres) 
Alabama 865 1,154 1,757 723 3,681 321 120 
Alaska 
Arizona 1,299 10 3 11 — —  —  
Arkansas 982 3,991 2,670 347 3,765 838 599 426 
California 9,460 355 193 65 1,028 57 38 4 
Colorado 6,942 3,115 805 231 1,317 128 107 46 
Connecticut 125 28 24 24 103 6 3 — —  
Delaware 221 246 61 14 21 1 1 — —  
District of Columbia 
Florida 1,883 620 524 162 5,339 89 55 —  —  
Georgia 1,507 2,144 2,192 644 2,960 221 40 13 
Hawaii 115 68 43 67 596 201 113 82 
Idaho 4,599 754 688 249 1,058 6 45 
Illinois 6,353 8,758 6,422 2 ,303 2,013 412 350 295 
Indiana 5,105 4,461 2,846 908 1,480 258 239 170 
Iowa 5,972 8,480 7,018 4 ,961 3,101 678 573 178 
Kansas 13,207 10,408 4,272 919 2,071 413 144 73 
Kentucky 
Louisiana 
2,171 1,367 1,131 759 3,624 835 686 590 
977 2,718 1,908 296 2,759 107 59 20 
Maine 667 74 97 69 246 3 
Maryland 583 562 368 164 388 60 25 13 
Massachusetts 197 51 28 6 85 3 3 —  —  
Michigan 
Minnesota 
6,709 1,772 695 308 1,116 76 24 14 
16,118 4,476 1,827 495 2,752 77 44 16 
Mississippi 980 2,536 2,471 1 ,315 2,994 589 279 179 
Missouri 3,332 4,336 3,912 2 ,993 8,352 1,881 1,747 843 
Montana 13,351 1,440 503 61 2,528 80 4 35 
Table 4. (Continued) 
Cropland Pastureland 
State Erosion, tons/acre/year Erosion, tons/acre/year 
<2 2-4.9 5-13.9 I%+ <1 2-4.9 5-13.9 13+ 
(1,000 acres) 
Nebraska 10,085 5,881 2,528 2 ,205 2,120 422 227 13a 
Nevada 1,107 — — — — — — 260 — — 38 
New Hampshire 233 24 13 3 95 — —  —  —  
New Jersey 343 127 206 101 139 1 — —  4 
New Mexico 1,685 499 61 37 341 1 —  —  40 
New York 3,576 1,072 854 467 2,050 130 75 31 
North Carolina 1,729 2,121 1,571 776 1,607 252 163 8 
North Dakota 18,962 5,855 1,924 172 1,514 30 —  —  —  —  
Ohio 6,177 3,739 1,499 347 1,749 377 311 178 
Oklahoma 4,965 4,367 2,159 292 7,064 1 ,132 440 77 
Oregon 4,489 472 162 25 1,678 84 5 — 
Pennsylvania 2,824 1,197 1,085 555 1,386 206 118 87 
Rhode Island 22 1 4 3 16 2 — 
South Carolina 1,005 1,401 748 177 1,185 28 24 5 
South Dakota 11,617 4,605 1,580 354 2,384 21 8 — 
Tennessee 1,278 922 1,427 1 ,301 3,920 964 405 185 
Texas 13,206 11,685 4,948 600 15,942 1 ,780 857 189 
Utah 1,721 73 21 —  —  580 46 — 
Vermont 463 76 40 13 456 34 32 12 
Virginia 1,434 770 637 368 2,114 475 434 251 
Washington 5,587 1,275 918 171 1,215 21 16 — 
West Virginia 615 225 115 36 835 351 486 365 
Wisconsin 6,313 3,116 1,804 508 2,173 313 202 50 
Wyoming 2,347 435 125 63 701 25 10 — 
Total United States 205,503 113,862 66,887 26 ,662 104,912 14 ,026 9,113 4,654 
Caribbean 77 56 89 141 289 107 173 294 
Grand total 205,580 113,918 66,976 26 ,803 105,201 14 ,133 9,286 4,948 
Table 5. Sheet and rill erosion on rangeland, forest land 
grazed, and forest land not grazed, by state, 
1977 (USDA, 1980) 
Rangeland 
State Erosion, tons/acre/year 
<2 2-4.9 5-13.9 14+ 
(1,000 acres) 
Alabama —  —  — — 
Alaska 
Arizona 25,544 5,417 3,981 149 
Arkansas 90 61 53 44 
California 9,607 2,439 3,049 2,459 
Colorado 15,659 3,867 2,586 1,689 
Connecticut — — —  — — —  
Delaware —  —  —  —  — —  —  —  
District of Columbia 
Florida 3,002 15 
Georgia —  —  —  —  — —  
Hawaii —  —  —  —  
Idaho 6,315 171 89 14 
Illinois —  —  — —  — —  — —  
Indiana — — —  —  — —  
Iowa —  —  
Kansas 11,692 2,470 1,643 471 
Kentucky — — —  — —  — —  
Louisiana 326 — — — —  — —  
Maine — —  —  —  —  
Maryland — 
Massachusetts — — —  —  —  —  —  
Michigan — — —  — —  
Minnesota 110 —  —  — — —  —  
Mississippi 15 10 5 
Missouri 35 
Montana 32,088 3,609 2,110 1,027 
Nebraska 15,378 4,129 1,953 541 
Nevada 4,970 1,199 1,074 108 
New Hampshire —  —  — —  — —  
New Jersey —  —  —  —  
New Mexico 33,896 5,190 2,195 815 
New York — — —  — —  
North Carolina —  —  —  —  —  —  —  —  
North Dakota 9,736 394 229 205 
Ohio —  —  —  —  — —  —  
Oklahoma 10,954 2,095 1,095 422 
Oregon 8,615 1,195 285 15 
Pennsylvania — —  — — —  
Rhode Island — — —  —  —  
South Carolina —  —  — —  —  
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Forest land grazed Forest l&nd not grazed 
Erosion, tons/acre/year 
<2 2 - 4 . A  5-13.9 14+ <2 2-4.9 5-13.9 14+ 
(1,000 acres) 
1,162 347 88 23 16,821 1,134 193 24 
769 422 191 mm mm 421 — m» — — 
1,205 455 251 413 10,667 748 279 54 
2,067 564 649 491 4,882 903 299 — —  
1,603 437 274 363 561 105 —  —  — —  
18 —  —  —  —  —  —  1,396 —  —  2 —  —  
1 358 1 — —  
2,856 98 17 wm 9,169 mm « mm — 
4 —  —  —  —  8 20,956 504 75 19 
78 33 24 21 1,027 75 91 94 
1,787 38 14 5 2,377 9 — —  
190 114 141 155 2,206 189 33 —  —  
225 78 67 39 2,700 340 85 — —  
406 139 171 53 629 52 37 — *  —  
230 20 43 33 397 60 5 
414 447 322 242 6,398 2,563 255 7 
3,020 95 78 22 9,282 80 18 — —  
26 —  —  —  —  —  —  16,469 22 3 —  —  
62 3 5 6 1,892 158 18 4 
37 2,551 147 21 
297 23 —  —  14 14,959 30 — 
1,155 49 72 91 12,256 155 28 —  —  
1,937 200 147 48 10,974 867 219 20 
1,694 911 609 605 5,312 1,143 535 23 
2,305 318 330 134 2,886 368 —  —  — —  
194 8 14 15 134 79 —  —  
99 26 45 —  —  19 41 —  —  
28 —  —  4 3,914 17 13 
11 2 — — —  —  1,935 17 — —  
2,175 133 121 60 937 —  —  —  —  — —  
526 47 23 11 13,885 723 223 7 
642 93 — —  —  —  16,055 23 — 
141 8 —  —  217 —  —  —  —  — 
317 142 136 148 4,190 683 249 — 
2,521 654 86 71 1,355 244 —  —  — —  
2,134 98 76 —  —  7,593 165 — —  
186 78 84 34 12,272 1,247 386 62 
4 294 3 
470 10 5 —  —  10,163 92 30 —  —  
Table 5. (Continued) 
State 
< 2  
Ranqeland 
Erosion, tons/acre/year 
2-4.9 5-13.9 
(1,000 acres) 
14+ 
South Dakota 
Tennessee 
Texas 
Utah 
Vermont 
Virginia 
Washington 
West Virginia 
Wisconsin 
Wyoming 
Total United States 
Caribbean 
Grand total 
19,496 
74,009 
7,271 
4,580 
4 
19,547 
312,939 
1 
1,489 
10,427 
1,090 
926 
2,670 
48,863 
11 
947 
6,158 
646 
444 
2,779 
31,316 
8 
266 
4,807 
378 
91 
1,173 
14,679 
44 
312,940 48,874 31,324 14,723 
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Forest land grazed Forest land not grazed 
Erosion, tons/acre/y ear Erosion, tons/acre/y, ear 
<2 2-4.9 5-13.9 14+ <2 2-4.9 5-13.9 14+ 
(1, 000 acres) 
138 81 53 6 46 6 —  —  
1,029 399 157 12 8,002 1,852 175 12 
4,642 148 83 10 4,280 68 — —  9 
543 186 102 73 147 20 —  —  —  —  
84 12 9 9 3,697 81 36 —  —  
670 154 144 130 10,430 973 641 91 
2,427 79 64 67 9,552 75 118 —  —  
233 197 191 170 5,216 1,746 2,028 24 
1,008 230 156 169 11,218 302 169 7 
655 48 99 95 212 42 13 
44,425 7,624 5,145 3,846 283,309 18,152 6,277 457 
8 2 13 1 80 44 190 90 
44,433 7,626 5,158 3,847 283,389 18,196 6,467 547 
18 
surface conditions and their interactions. Erosion is 
directly a function of rainfall and runoffs The distribu­
tion of erosive rains throughout the year varies yearly 
and with location. Runoff in gullies and stream channels 
in small watersheds can be controlled by upland treatments 
that reduce runoff amounts and peak discharges, or by 
structures which primarily reduce peak runoff rates. Some 
soils are naturally more susceptible to erosion than 
others. Soil properties influencing soil erodibility in­
clude primary particle size distribution, organic matter, 
soil structure, initial moisture content. Erodibility may 
decrease over time with good management practices; it also 
can decrease as erosion removes soil and as tillage brings 
less erodible subsoil to the surface. Micro- and macro-
topography each influences erosion and sediment delivery 
from fields, rangeland, and forests. Steep microtopography 
like rowside slopes can significantly increase erosion even 
on areas where macrotopography is relatively flat. Soil 
surface cover such as plant canopy and materials like 
mulches, plant residue, or dense growing plants in direct 
contact with the soil surface greatly reduce erosion. Ero­
sion at a given time depends on previous management history 
(Wischmeier, 1960). A field freshly plowed out of the 
meadow is much less erodible than one that is continuously 
tilled. Tillage is an important factor. An excessive number 
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of tillage operations, especially when the soil is wet, 
significantly increases erosion and runoff. Structures like 
terraces and diversions reduce slope length and reduce the 
total amount of erosion. 
Wind erosion is generally considered to be less severe 
than water erosion, but may be severe in specific regions 
of the U.S. 
Pimentel et al. (1976) stated that soil erosion ad­
versely affects agricultural crop productivity because of: 
(1) Selective removal of plant nutrients and organic 
matter by wind and water. 
(2) Removal of finer particles leading to compaction 
of the soil and poor tilth. 
(3) Gross removal of top soil. 
(4) Increased water runoff associated with erosion, 
which reduces water availability to crops and 
causes flood damage to other crops. 
Increased crop yields from increased inputs of ferti­
lizers, pesticides, herbicides, hybrids, mechanization, and 
management have masked the progressive degradation of poten­
tial productivity caused by erosion. Pimentel et al. (1976) 
estimate that the production potential of U.S. cropland has 
been reduced 10 to 15 percent. They estimate the per acre 
input required to offset past soil erosion losses is equiv­
alent to 5 gallons of fuel per acre, or 50 million barrels 
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of oil annually for the whole U.S. farmland. 
The ecological impact of sediment (and adsorbed nutri­
ents and other chemicals) is reflected in stream fauna and 
flora. The suspended sediments reduce sunlight penetration, 
which reduces the productivity of aquatic ecosystems by 
reducing photosynthesis. Sediment also pollutes by muddy­
ing the water, clogging fish gills and increasing oxygen 
demand. Baker (1980) stated that annual losses of pesti­
cides in runoff are usually less than 15 percent of the 
amount applied, and if a runoff event does not occur within 
a couple of weeks of application, probably less than 1 per­
cent of that applied will be lost. Under unusual conditions, 
such as an intense rainstorm the same day of application, 
runoff losses may exceed 15 percent of that applied. 
The universal soil-loss equation is presently used to 
evaluate and predict potential soil losses by water erosion 
(Wischmeier and Smith, 1978). The soil-loss equation is? 
A  =  R K L S C P  
where: 
A is the computed soil loss per unit area; 
R, the rainfall and runoff factor; 
K, the soil erodibility factor; 
L, the slope-length factor; 
S, the slope-steepness factor; 
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C, the cover and management factor; and 
P, the supporting practice factor. 
It is evident from the soil-loss equation that from the 
six factors, only three can be changed by man in the short 
term: slope-length, cover and management, and the support 
practice factors. The last two factors are directly re­
lated to conservation tillage practices and if properly 
used can reduce erosion by 95 percent. 
Although there is a growing awareness of the serious­
ness of the soil erosion problem, much more effort in the 
form of adopted practices and technology and possibly legis­
lation is needed to control the loss of the valuable soil 
resource. 
Conservation Tillage Systems 
Tillage could be defined as the mechanical manipula­
tion of soil for any purpose. Kepner et al. (1978) stated 
the following objectives of tillage in agriculture: 
(1) To develop a desirable soil structure for seed 
bed or root bed. 
(2) To control weeds or remove unwanted crop plants. 
(3) To manage plant residue. 
(4) To minimize soil erosion by following such prac­
tices as contour tillage, listing, and proper 
placement of trash. 
(5) To establish specific surface configuration for 
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planting, irrigation, drainage, and harvesting 
operations. 
(6) To incorporate fertilizers, pesticides, or soil 
amendments into the soil. 
(7) To accomplish segregation, which involves removal 
of rocks and other foreign objects, or root 
harvesting. 
It is generally agreed that more tillage is being done 
than is necessary to assure maximum net income from crop 
production. However, with soil and wind erosion becoming 
a major limitation for crop production, conservation measures 
were devised with the objectives of maintaining high crop 
production levels as well as controlling erosion. 
Conservation tillage farming includes a wide range of 
practices such as; contour planting, reduced tillage, crop 
rotations, strip cropping, terracing, no-tillage, mulch 
planting, and cover crops. 
Wittmus et al. (1973) stated the following definitions 
for conservation tillage terminology. 
Conservation Tillage: systems that create as good an 
environment as possible for the growing crop and that opti­
mize conservation of soil and water resources, consistent 
with sound economic practices. 
No-till or no-tillage: a system whereby a crop is 
planted directly into the seedbed untilled since harvest of 
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the previous crop (also called slit plant, slot plant or 
zero tillage). 
Minimum Tillage: the minimum soil manipulation neces­
sary for crop production or meeting tillage requirements 
under existing soil and climatic conditions (also called 
reduced tillage). 
Conventional Tillage : includes primary and secondary 
tillage operations normally performed in preparing a seed­
bed for a given crop grown in a given geographic area. 
Colvin et al. (1982b) defined some tillage systems for 
a specific experiment in terms of machinery used and opera­
tions performed. These definitions are shown in Table 6. 
In strip-tillage, a sweep cuts and removes residue, 
growing vegetation, and a layer of soil over the row 
(generally one-third of the row width) ahead of surface 
planters in a once-over operation (Wittmus et al., 1971). 
This is shown in Figure 1. Strip-tillage system can reduce 
soil erosion by 65 percent compared to conventional tillage 
systems, especially on sloping land (Wittmus and Swanson, 
1964) . 
Stubble mulching (or mulch tillage) is that system 
where plant residues or other materials are left to cover 
the surface both before and after crop establishment. Nutt 
(1950) reported that an artificially applied mulch increased 
the yield of corn, conserved moisture, and reduced soil 
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Table 6. Tillage systems defined (Colvin et al., 1982b) 
Heavy tillage Light tillage/plant Harvest 
Conven- Moldboard plow 
tional Apply anhydrous 
ammonia (hired) 
Disk 
Disk Combine 
Field cultivate 
Apply herbicide 
(hired) 
Plant 
Reduced Apply anhydrous 
ammonia (hired) 
Disk 
Field cultivate Combine 
Apply herbicide 
(hired) 
Plant 
Slot-
planting 
Apply anhydrous 
ammonia (hired) 
Plant Combine 
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Figure 1. Soil profile before and after planting with 
till-planter. Drawing shows the distribution 
of residue and placement of seed, insecticide, 
herbicide and starter fertilizer (Wittmus et 
al., 1971) 
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erosion. 
Chisel-plow systems have been adopted by crop producers 
as a conservation measure in a variety of ways. Most of 
these include one of the following: chisel planting, 
chisel secondary tillage, combination coulter or disk-
chisel, or alternate chisel moldboard plow systems 
(Oschwald, 1973). 
Buchele et al. (1955) developed a ridge system as one 
of the pioneering conservation tillage systems with the 
objectives of controlling erosion as well as maintaining 
crop yields. This system consists of planting on contoured 
ridges, pre-emergence herbicide application to control 
early weed growth and mechanical cultivation to control 
late weed growth. Ridges 10-15 inches high are maintained 
throughout the year. Ridge farming has many advantages. 
Power and labor requirements are greatly reduced since only 
reshaping is done every year either in the fall after 
harvest or in the spring before planting. Ridges dry out 
faster than furrows, especially after rainstorms, making 
planting on ridges an advantage over other systems. Since 
there is less traffic, compaction is decreased to the mini­
mum, especially on the top of the ridge. Reported dis­
advantages of ridge farming include weed control problems, 
ridge height control, and trash management where the crop 
residue hampers tilling of the ridges. 
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It is evident that using conservation tillage systems 
has numerous benefits. Conservation tillage reduces mechani­
cal energy and labor, conserves moisture, reduces soil 
erosion, and performs only the operations that are neces­
sary to optimize the soil conditions. It also reduces soil 
compaction by reducing the number of field trips, and leaves 
residue on the soil surface. Costs also can be reduced 
and returns to management would be increased due to opti­
mized machinery use. 
Although there are many measures available for con­
trolling soil erosion, conservation tillage is considered 
to be the single most effective and least costly measure. 
USDA (1980) figures showed that the number of farmers adopt­
ing conservation tillage practices is increasing every year. 
On the national level, acres of no-till, other conservation 
tillage, and conventional tillage were 2.5 percent, 23.9 
percent, and 73.7 percent, respectively (Table 7). The 
Corn Belt figures are also shown. Iowa has the highest 
percentage of adoption of conservation tillage practices, 
where about 39 percent of the acreage is farmed using no-
till or some other conservation tillage system. Conserva­
tion tillage is not without disadvantages. Oschwald (1982) 
enumerated the following disadvantages cited by those who 
resist adoption of conservation tillage; 
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Table 7. Acres of conservation tillage and conventional 
tillage, by crop production region and state 
(USDA, 1980) 
Conservation tillage 
Region and state No-till 
Other 
conservation 
tillage 
Conven­
tional 
tillage 
Pacific 
California 
Oregon 
Washington 
Total 
Mountain 
Idaho 
Nevada 
Montana 
Wyoming 
Utah 
Colorado 
New Mexico 
Arizona 
Total 
130 
25,805 
18,325 
44,260 
7,000 
71,517 
20,200 
5,300 
8,800 
6,800 
119,617 
1,014,850 
320,800 
967,300 
2,302,950 
2,713,000 
97,083 
653,500 
3,000 
192,500 
2,140,800 
223,500 
284,000 
6,307,383 
4,134,650 
1,398,759 
3,416,935 
8,950,344 
3,280,000 
157,568 
5,087,500 
676,000 
1,058,000 
3,800,000 
890,000 
1,069,000 
16,018,068 
Northern Plains 
North Dakota 
South Dakota 
Nebraska 
Kansas 
Total 
11,480 
154,000 
557,000 
235,000 
957,480 
3,513,000 
4,060,000 
6,368,000 
10,110,000 
24,051,000 
23,250,520 
8,076,000 
7,776,000 
10,290,000 
49,392,520 
Southern Plains 
Texas 
Oklahoma 
Total 
122,191 
7,800 
129,991 
1,255,370 
592,000 
1,817,370 
19,441,839 
9,088,500 
28,530,339 
Lake States 
Minnesota 
Wisconsin 
Michigan 
Total 
134,000 
98,000 
44,600 
276,600 
4,680,000 
893,000 
1,080,000 
6,653,000 
14,035,000 
4,801,400 
3,808,000 
22,644,400 
Table 7. (Continued) 
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Conservation tillage 
„ . J . . Other Conven-
Region and state No-till conservation tional 
tillage tillage 
Delta States 
Louisiana 2,000 589,500 3,826,500 
Arkansas 2,140 307,900 6,670,060 
Mississippi 88,750 366,000 5,435,250 
Total 92,890 1,263,400 15,931,810 
Corn Belt 
Iowa 361,000 8,250,000 13,500,000 
Missouri 270,501 3,572,786 9,468,548 
Illinois 532,000 5,550,000 15,628,000 
Indiana 640,000 1,720,000 8,000,000 
Ohio 735,000 100,000 9,653,000 
Total 2 , 5 3 8 , 5 0 1  1 9 , 1 5 2 , 7 8 6  5 6 , 2 4 9 , 5 4 8  
Southeast 
Georgia 267,000 2,465,000 1,800,000 
Florida 28,500 134,000 1,249,300 
Alabama 168,300 193,800 3,732,900 
South Carolina 22,200 1,815,500 1,862,000 
Total 486,000 4,608,300 8,644,200 
Appalachia 
North Carolina 369,000 639,500 3,399,600 
Virginia 315,900 420,000 994,500 
Tennessee 202,500 571,000 2,958,000 
Kentucky 1,162,000 2,100,300 872,800 
West Virginia 43,000 5,000 55,000 
Total 2,092,400 3,735,800 8,279,900 
Northeast 
Maine i'lOpXiie 5,100 188,200 
New Hampshire 2,000 5,300 26,100 
Vermont 6,000 3,000 769,000 
Massachusetts 3,400 10,200 45,700 
Connecticut 1,200 3,000 45,800 
New York 32,500 655,000 1,091,000 
Rhode Island 80 275 5,210 
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Table 7. (Continued) 
Region and state 
Conservation tillage 
No-till 
Other 
conservation 
tillage 
Conven­
tional 
tillage 
Northeast 
Pennsylvania 
New Jersey 
Delaware 
Maryland 
Total 
Hawaii 
Alaska 
Caribbean Area 
437,000 
58,000 
79,368 
277,960 
902,608 
1,800 
40,000 
329,420 
451,675 
1,497,870 
5,565 
153,605 
2,218,000 
389,000 
129,012 
568,900 
5,475,922 
289,000 
9,485 
427,680 
National total 7,642,147 71,619,029 220,843,216 
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(1) Conservation tillage requires special or modified 
equipment. 
(2) Conservation tillage poses greater pest control 
problems and provides less consistent pest con­
trol than conventional systems. 
(3) Soil fertility problems may occur such as the need 
for the distribution of nutrients through the 
tilled zone and increased rates of nitrogen appli­
cation may be required. 
(4) Crop yields are sometimes lower with conservation 
tillage, especially on poorly drained soils. 
Elkins (1981) also reported that conservation tillage 
often had delayed soil warm-up and delayed seed germination 
in cool wet springs, had potentially higher insect and 
rodent populations, and greater incidence of disease. 
Problems of high cost of chemical use, a requirement 
for better farm management, and residual effects of herbi­
cides were also reported in the literature (Bennet, 1977). 
Despite progress in knowledge and adoption of conserva­
tion tillage practices, several unknowns about conservation 
tillage still need to be resolved. Many research workers 
have discussed conservation tillage research and development 
prospects and needs (Reicosky et al., 1977; Griffith et al., 
1977; Amemiya, 1977; Fenster, 1977; Unger et al., 1977). 
Research priorities discussed included many aspects of 
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required future technology: weed, disease and insect con­
trol methods, breeding new crop varieties, system research 
and machines designed mainly to work efficiently in con­
servation tillage systems. 
Herbicide Application Problems with 
Conservation Tillage Systems 
One of the major limitations of conservation tillage 
systems is the weed control problem. With the presence of 
surface residue, planting and weed control become more 
difficult, resulting in reduced crop yields and increased 
crop production costs. 
Weed species adapt rapidly to specific farming prac­
tices and can soon be associated with a rotation and the 
crops grown, the fertilizers and herbicides used, and till­
age practices employed (Fenster, 1977). 
Weed control principles relating to conservation 
tillage were summarized by Griffith et al. (1977) as fol­
lows: 
(1) With no-plow tillage systems, weed seeds accumu­
late near the soil surface, putting much greater 
pressure on herbicides. 
(2) With no-tillage, water penetration and movement 
of chemicals into the soil is slowed. 
(3) Perennial weeds, both herbaceous and woody species, 
increase with less tillage. Where perennials 
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cannot be controlled chemically, moldboard plow­
ing is recommended. 
(4) Early germinating weed species tend to become 
dominant with no-plow tillage if control is not 
adequate. 
(5) Annual grasses become dominant if broadleaf weeds 
are controlled with no-plow tillage. 
(6) With no-plow tillage, weeds growing at planting 
time must be controlled with a contact herbicide. 
(7) Rolling or disk-hiller type cultivators may be 
needed to incorporate residue left with chisel 
or disc tillage. 
(8) Cultivation with no-tillage planting does not 
provide effective weed control, except in coarse-
textured soils, due to the dense soil surface. 
(9) All adverse effects of weed control from no-plow 
tillage can be reversed by moldboard plowing 
periodically. 
Conservation tillage is characterized by reduction in 
tillage operations for seedbed preparation and by greater 
dependence on herbicides for weed control. The amount and 
variety of herbicides vary greatly depending on the area, 
crop and system used. Costwise the increase in conserva­
tion tillage herbicide use compared to conventional systems 
ranges from 50 to 350 percent (Crosson, 1981). In Iowa, it 
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was found that conservation tillage requires that twice the 
amount of herbicides be applied (Amemiya, 1977). This 
increase could be due to the greater variety of herbicides 
required and not necessarily to a greater quantity of any 
one herbicide. 
The reasons why conservation tillage requires more 
herbicides than conventional tillage were discussed by 
Crosson (1981). These reasons include; substitution, 
efficiency, and environmental effects. 
Weed control may be achieved by tillage or herbicides 
or a combination of both. The substitution effect occurs 
when control by tillage is reduced and a compensatory in­
crease in herbicide amount is required to maintain the same 
level of control. Because of the surface residue, some 
herbicide may become chemically bound to the residue and 
more quantity is needed; hence, herbicide efficiency is 
reduced. Moisture content is higher in conservation systems 
and that results in more favorable conditions for the growth 
and germination of weeds. This is called the environmental 
effect. The author also states that these three effects 
are additive. The three are not usually present at the same 
time, but generally one or two of them play a role in in­
creasing herbicide requirement for conservation tillage. 
When broadleaf species are dominant in the conserva­
tion tillage system, they form a canopy over the smaller 
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grass at planting time. Under these conditions, it is dif­
ficult for foliar herbicides to reach and be effective on 
the grass, especially with contact herbicides which do not 
translocate in the plant (Williams and Wicks, 1978). 
Application of large amounts of herbicides may also 
bring the possibility of residual effects (Bennet, 1977). 
This may damage subsequent crops. 
Although the efficiency of application of herbicides 
in conservation tillage systems had been investigated by 
some researchers, not all of them came to the same con­
clusions. Erbach and Lovely (1975), in their study of the 
effect of surface plant residue on weed control with herbi­
cides applied before planting, found that the amount of 
surface plant residue did not affect weed control signifi­
cantly. They also found that the interaction of surface 
residue and herbicide formulation did not have a signifi­
cant effect on weed control. Table 8 shows the results of 
a field experiment where atrazine 3.4 kg/ha and alachlor 
2.8 kg/ha were applied to two levels of residue; the high 
level was 6200 kg/ha of unshredded corn stalks, and the 
low level was 1100 kg/ha of flail chopped corn stalks. 
The results shown are percent control compared to the no 
herbicide check. 
Bauman (1976), as cited by Williams and Wicks (1978) , 
reported that 30 percent of the soil applied atrazine 
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Table 8. Effect of herbicide, formulation, and surface 
plant residue on weed control with alachlor at 
2.8 kg/ha and atrazine at 3.4 kg/ha in field 
study (Erbach and Lovely, 1975) 
Control 
Treatment 
Broadleaf Grass Broadleaf Grass 
(%) (%) {%) (%) 
Alachlor liquid 
Low residue 40 
High residue 49 
Alachlor granule 
Low residue 38 
High residue 45 
Atrazine liquid 
Low residue 89 
High residue 89 
Atrazine granule 
Low residue 65 
High residue 73 
LSD, 5% 12 
89 21 100 
89 19 100 
91 21 100 
89 13 100 
80 97 77 
78 99 73 
73 83 61 
68 91 55 
7 11 10 
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failed to reach the soil surface during the first 90 days 
in a no-tillage system with 85 percent residue cover. This 
was attributed to the interception of herbicide by the 
surface cover. 
Martin et al. (1978) in laboratory research using a 
rainfall simulator studied the extent to which herbicides 
were washed from a 100 percent corn residue cover. They 
found that most of the herbicides were washed off. They 
concluded that in a field situation in which soil conditions 
were conducive to infiltration, most of the herbicides that 
are initially washed off the residue will move into the soil 
with infiltrating water. 
Baker et al. (1982), using a rainfall simulator, 
studied the effects of corn residue and herbicide placement 
on herbicide runoff losses. They found that herbicide con­
centrations and losses in runoff and sediment for a given 
residue level were little affected by position of placement 
relative to crop residue on the soil. It was also concluded 
that crop residue significantly reduces losses of herbi­
cides because residue delayed and reduced surface runoff. 
One other problem of conservation tillage is that 
incorporation of preplant applied herbicides is often not 
adequate. Incorporation of herbicides into the soil has 
become a popular operation for most farmers. It is used 
for most soil applied herbicides even though some might not 
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need it. This is because the reason for poor pre-emergence 
herbicide performance is inadequate incorporation (Falls, 
1981). 
Mechanical incorporation of pre-emergence herbicides 
usually increases their toxicity to weeds (Jordan et al., 
1963a). Most soil-surface applied herbicides require mois­
ture for maximum effectiveness in controlling weeds. In a 
study by Kempen et al. (1964), it was found that herbicide 
performance was markedly altered by soil incorporation, 
depth of incorporation, soil type, and rainfall. 
The incorporation of herbicides into mulches was 
investigated by Lanphear (1968). The herbicide Dichlobenil 
was incorporated into various organic mulches so that a 
specific depth of mulch delivered the desired concentration 
of the herbicide. The incorporation technique provided 
equal or better weed control than either the Dichlobenil 
or mulch used alone. Furthermore, a prolonged effect of 
herbicide was also noticed. 
In addition to the mentioned advantages of incorpora­
tion of surface applied herbicides, losses are decreased as 
a result of incorporation. Measurable losses were reported 
from some unincorporated soil-surface applied herbicides 
with increased air velocities (Danielson and Centner, 1964). 
Loss of herbicide could also occur by photodecomposition. 
Jordan et al. (1963b, 1963c) reported that phenylureas and 
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triazine herbicides undergo photodecomposition and that 
ultra-violet light is important in the degradation process. 
It appears from the facts presented here that incor­
poration of surface applied herbicides is an important 
operation that should be performed in order to maximize the 
efficiency of weed control. With the retention of surface 
crop residue in conservation tillage systems, adequate in­
corporation becomes more difficult. Efforts and innovative 
ideas, especially in farm machinery design, are required to 
solve this problem. 
Use of Crop Residue in Conservation 
Tillage Systems 
Many different types of conservation farming systems 
are now being adopted. Although they vary from region to 
region and from area to area within a region, almost all 
of them have one thing in common; that is leaving appreci­
able amount of crop residue on the soil surface. Plant 
residue cover in direct contact with the soil surface 
greatly reduces erosion by intercepting rain drops, absorb­
ing its energy and thus hindering the soil detachment 
process. Residue also acts as small dams, reducing the 
transport of eroded materials and giving water greater time 
to infiltrate (Wischmeier, 1975). 
Buchele and Marley (1978) reported that crop residue 
uniformly distributed on the surface of the soil acts to: 
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(1) Reduce wind and water erosion; 
(2) Reduce evaporation of water from soil; 
(3) Reduce temperature of soil; 
(4) Increase water infiltration into the soil; 
(5) Increase the carboneous matter of the soil; 
(6) Provide a source of plant nutrients; and 
(7) Provide energy source for soil microorganisms. 
It also provides food and homes for insects and rodents 
and is a host for plant diseases. 
Many research workers have studied the use of crop 
residues for conservation purposes. Mannering and Fenster 
(1977) discussed the factors that determine the effective­
ness of crop residues in controlling erosion. These include 
type of crop, amount and type of residues produced, whether 
residues are removed or not, and effect of tillage on resi­
due placement. 
The erosion-control value of the residues from different 
crops varies with their quantity, distribution, and dura­
bility. Corn and sorghum usually produce higher amounts 
than are produced by small grains and soybeans. Buchele 
and Marley (1978) estimate the grain to corn stalks ratio 
to be about 0.53 to 0.47, respectively. This means that 
120 bushels of corn per acre will produce about 6000 pounds 
of above ground plant parts. On the other hand, a given 
mass of small grain residue if uniformly distributed is more 
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effective in erosion control than the same amount of corn 
residue. To be effective, the residue must cover the 
maximum soil surface area and also resist movement by wind 
and water. Small grain crops normally produce less total 
residue; however, because of their small straw diameter, 
they are superior to corn stalks. This is because greater 
portion of the soil surface is protected (Figure 2). 
Residue durability is also affected by type of crop. 
Residues with low carbon; nitrogen (C;N) ratios, like soy­
beans, break down much more rapidly than those with high 
C:N ratio like corn and wheat. Table 9 shows that surface 
cover in spring season is much less following soybeans than 
corn. The effect on soil erosion is also shown. 
The Universal Soil Loss Equation (Wischmeier and Smith, 
1978) was developed to estimate field soil loss from rain­
fall and runoff (R), soil erodibility (K), slope-length 
(L), slope-steepness (S), cover and management (C), and 
support practice factor (P). For each factor, the numeri­
cal values were derived from weather records and from re­
search data. 
The factor (C) measures the combined effect of all the 
interrelated cover and management variables for six crop 
stage periods. The values depend on the particular combina­
tion of cover, crop sequence, and management practices. 
These values differ from region to region and between 
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Figure 2. Relation of percent cover to dry weight of uni­
formly distributed residue mulch (Wischmeier and 
Smith, 1978) 
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Table 9. Crop 
soil 
and tillage effect^ on surface cover 
loss, Indiana (Mannering and Fenster, 
and 
1977) 
Morley clay loam - 4% slope 
Tillage Percent cover Soil loss t/ha 
Soybeans Corn Soybeans Corn 
No tillage 26 69 13.4 2.4 
Disk 17 70 12.4 2.5 
Chisel 12 25 30.3 15.0 
Plow 1 7 40.9 21.8 
^Surface cover and soil loss measurements were made 
in the spring, 5 months after fall tillage; 6.35 cm of 
simulated rainfall were applied in two 1 hr. storms. 
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locations. 
The value of (C) on a particular field is determined 
by many variables, one of which is weather. Major variables 
that can be influenced by management decisions include crop 
canopy, residue mulch, incorporated residues, land use 
residual (defined later), tillage and their interactions. 
Each of these effects may be treated as a subfactor whose 
numerical value is the ratio of soil loss with the effect 
to the corresponding loss without it. (C) is the product 
of all thse pertinent subfactors. 
Crop canopy in the form of leaves and branches has 
little effect on amount and velocity of runoff from pro­
longed rains, but they reduce effective rainfall energy by 
intercepting falling raindrops. The energy reduction is 
dependent on the height and the density of the canopy. 
Residue mulch intercepts falling raindrops so near to 
the surface that the drops regain no fall velocity. It 
also obstructs runoff flow and thereby reduces its velocity 
and sediment transport capacity. Figure 3 gives the 
average subfactors for both canopy and mulch for corn, 
sorghum and cotton in the maturing stage. Figure 4 is for 
small grains, soybean, potatoes and establishment period 
for row crops. Canopy and mulch factors are not fully 
additive. 
During the seedbed and establishment periods, the 
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Figure 3. Combined mulch and canopy effects when average 
fall distance of drops from canopy to the ground 
is about 40 inches (1 m) (Wischmeier and Smith, 
1978) 
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Figure 4. Combined mulch and canopy effects when average 
fall distance of drops from canopy to the ground 
is about 20 inches (0.5 m) (Wischmeier and 
Smith, 1978) 
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erosion reducing effectiveness of residues mixed into the 
upper few inches of soil by shallow tillage is appreciably 
greater than the residual effect of long term annual in­
corporation with a moldboard plow. But the incorporated 
residues are less effective than if left on the surface. 
Land use residuals include effect of plant roots, 
long-term residue incorporation by plowing, changes in soil 
structure, density, and organic matter content. 
Research by Laflen and Colvin (1981) to study the 
effect of crop residue on soil loss from continuous cropping 
showed that erosion prediction methods for conservation 
tillage systems must take into account the interaction 
effect of crop residue with soil and/or slope on soil ero­
sion. These researchers suggested that this is best 
accomplished by using a mulch factor-crop residue relation­
ship of the form; 
Mulch factor = e^ 
where : 
b = an empirical value based on soil and/or slope, and 
RC = residue cover. 
The study showed also that the mulch factor-crop resi­
due relationship can change with time during a simulated 
rainstorm. 
Yazdanpanah (1976) studied the effect of crop residue 
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coverage and surface profile on soil and water loss from 
simulated consecutive storms. Plots with flat and ridged 
surfaces were covered with various quantities of crop resi­
due of 0, 1961, 3922 and 7845 kg/ha of corn stalks. Results 
indicated that a 75 percent corn residue cover (1961 kg/ha) 
on the soil surface reduced runoff, sediment concentration 
and soil loss by 77 percent, 57 percent, and 89 percent, 
respectively. An 89 percent corn residue cover (3922 kg/ha) 
on the soil surface reduced water runoff, sediment concen­
tration, and soil loss by 82 percent, 83 percent, and 97 
percent, respectively. And a 98 percent corn residue cover 
(7845 kg/ha) on the soil surface was very effective in 
stopping water runoff and resulting soil loss (Figures 5, 
6, and 7). 
Mannering and Meyer (1963) studied the effects of six 
rates of applied wheat straw mulch on infiltration and 
erosion in a highly permeable silt loam with 5 percent slope. 
Results showed that mulch applications of 1, 2 and 4 tons 
per acre maintained very high infiltration rates resulting 
in essentially no erosion. The 0.25 and 0.5 ton per acre 
mulch application lost 3 tons and 1 ton of soil per acre, 
respectively. The check (no mulch) treatment lost 12 tons 
per acre. This is shown in Table 10. 
Different tillage tools have different effects on 
surface residue cover (Mannering and Fenster, 1977). The 
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Table 10. Runoff, soil content of runoff and soil loss 
from various rates of applied mulch on 11.5 m 
by 4 m plots of Wea silt loam with 5% slope^ 
(Mannering and Meyer, 1963) 
Rate of Surface Run­ Soil content Soil 
mulch cover off of runoff loss 
5/ha % cm % t/ha 
0 0 7.2 3.7 27.6 
0.6 40 6.4 1.1 7.2 
1.1 60 4.0 0.8 3.2 
2.2 87 .8 0.6 0.7 
4.4 98 .2 —  —  — —  
8.8 100 0 —  —  
series of simulated rainstorms totalling 16 cm 
were applied over a 3-day period at an intensity of 6.4 
cm/hr. 
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moldboard plow inverts the soil to a depth of 12-25 cm 
and buries most of the residue near the bottom of the fur­
row. Chisel plows and offset disks are normally used to 
a depth of 12-25 cm, and they partially incorporate some 
of the residue. They can leave appreciable amounts of 
surface residue, depending on residue type and amount and 
depending also on the tillage tool used. Field cultivators, 
shallow disking and till-planting usually incorporate resi­
dues to a 7-15 cm depth, but also leave appreciable amounts 
of residues on the surface. Sweep or blade type implements 
cut the residue at shallow depths (7-12 cm), severing the 
weed roots, but leaving practically all of the residue on 
the surface. 
Unger et al. (1971), working on irrigated wheat resi­
due in Texas, studied the effect of five tillage systems 
on surface residue. The five systems were: tandem disk 
(heavy duty) only, one tandem disk followed by sweep till­
age, sweep tillage only, one sweep tillage followed by 
herbicide, and herbicide only. They found that the first 
disk only and sweep tillage only operations reduced surface 
residues by 60 and 20 percent, respectively (Table 11). 
The second operation reduced the remaining residue by simi­
lar percentages. Reduction for the third and fourth opera­
tions was greater than the first two operations because of 
the decomposition during the rainy season. Herbicide 
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Table 11. Surface residue as influenced by tillage and 
herbicide treatments. Estimates were made 
after tillage on the dates shown (Unger et al., 
1971) 
Treatment 
Date 
July July August October April 
1968a 1968 1968 1968 1969 
lbs/a 
Tandem disk 
tillage 
Disk and sweep 
tillage 
Sweep tillage 
Sweep tillage and 
herbicides 
10,000a° 3,900a 1,600a 200a 200a 
10,000a 3,900a 3,000b 1,800b 1,000b 
10,000a 8,000b 6,900c 3,800c 3,200c 
10,000a 8,000b 7,600c 6,000d 4,000d 
Herbicides only 10,000a 10,000c 8,900d 6,400d 4,100d 
^Before initiation of the study. 
^Column values followed by the same letter are not sig­
nificantly different at the 5 percent level. 
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treated plots had at the end about 40 percent of the initial 
residue, sweep tillage had lesser amounts, while tandem 
disk plots were devoid of surface residues after the four 
tillage operations. 
Woodruff et al. (1965) in a study of performance of 
tillage implements on winter wheat stubble found that the 
percentage of residue remaining on the surface after 
initial tillage varied with height and amount of residue and 
with spacing between stubble rows. Woodruff et al. (1966) 
stated that there were substantial differences in the surface 
residue retention between the subsurface implemented and 
one-way disks. Subsurface implements (sweeps) tended to 
conserve more pretillage residue than mixing implements 
(disks). This is shown in Table 12. 
Mannering and Fenster (1977) summarized the work of 
researchers on the effect of tillage systems on surface 
residue cover in Indiana.- Illinois and Nebraska, Table 13 
shows data taken in Indiana after planting in a continuous 
corn system. Table 14 shows data from Illinois on the 
effect of tillage operations and time on the quantity of 
corn residue on the soil surface. Table 15 illustrates 
data from Nebraska for small grain residue reduction per 
tillage operation. 
In a review of residue reduction by individual tillage 
implements, Colvin et al. (1981a) combined the information 
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Table 12. Residue maintained with tillage implements 
(Woodruff et al., 1966) 
Type of implement 
Average 
maintained 
after each 
tillage 
operation 
Range 
main­
tained^ 
Percent Percent 
Subsurface implements: 
Blades (36 in. or wider) 
Sweeps (24 in. to 36 in.) 
Rodweeders—plain rod 
Rodweeders—with semichisels 
Mixing implements: 
Heavy-duty cultivator (16 in. to 
18 in. sweeps) 
Heavy-duty cultivator (2 in. 
chisels 12 in. apart) 
One-way disk (24 in. to 26 in. pans) 
Tandem or offset disks 
90 70 to 113 
90 60 to 112 
90 80 to 115 
85 55 to 105 
80 
75 
50 
50 
50 to 100 
30 to 90 
^Maintenance values greater than 100 percent mean that 
more residue was brought to the surface than was buried. 
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Table 13. Effect of tillage system on surface residue 
cover (Mannering and Fenster, 1977) 
Surface cover 
Tillage treatment 
planting 
% 
Spring plow-disk 2 
Till plant 14 
Fall and spring disk 18 
Fall chisel-field cultivate 29 
Strip rotary 69 
Strip coulter 85 
Table 14. Effect of tillage operations and time on the 
quantity of residues on the soil surface, 
Flanagan silt loam, fall 1971-spring 1972, 
Illinois (Mannering and Fenster, 1977) 
Tillage system Corn residues on soil surface (t/ha) Nov. Nov. Apr. May June June 
3 11 19 3 12 16 
1. Fall chop + 
moldboard 
2. Fall disk + 
twisted chisels 
6.1 0 0 0 0 0 
6.1 5.1 4.8 2.9 3.4 3.2 
3. Fall chop + 
straight chisels 6.1 1.7 1.1 1.9 2.1 1.8 
4. Spring chop + 
moldboard plow 
5. Spring chop + 
disk 
6.1 6.1 6.1 
6.1 6.1 6.1 2.2 3.6 3.7 
Effect due to: Initial Fall De- Spring Ap-. Culti-
stalk till- com- till- pli- vation 
cover age posi- age ca­
tion tion 
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Table 15. Average residue reduction per tillage operation, 
Nebraska (Mannering and Penster, 1977) 
Tillage operation 
V-sweeps, 30 inches or longer 10 
Chisel plows 25 
Rodweeder 5-10 
Rodweeder with semichisels 10 
One-way-tandem or offset disk 
Operated 3 inches deep 30 
Operated 6 inches deep 70 
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reported by Colvin et al., 1980, Siemens and Oschwald, 
1978, and Sloneker and Moldenhauer, 1977. The range of 
percent soil cover remaining after a field operation varied 
from less than 10 percent after moldboard plowing to 80-90 
percent after no-till planting using double-disk openers 
(Table 16). The authors (Colvin et al., 1981a) suggested 
two alternative plans which included chiseling, disking 
and planting with double-disk openers (Table 17). Chiseling 
after corn leaves 32 percent of the surface covered, while 
chiseling after soybeans leaves only 8 percent of the 
surface covered. Spring disking leaves 36-38 percent on 
both corn and soybeans. These data are very useful in 
assisting farmers to make optimum decisions on row-crop 
residue management. 
Methods of Estimating Crop Residue Cover 
Different methods are used to estimate crop residue 
cover. These include visual inspection, photographic, bead, 
and point-quadrant methods. However, no one method is 
accepted as a standard. 
Measurement using the meterstick method is done by plac­
ing a meterstick on the soil surface perpendicular to the 
plant row. The readings are taken by adding the total 
length of residue along one edge of the meterstick between 
two rows (Figure 8). Crop residue coverage is the total 
length of residue divided by row spacing. 
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Table 16. Percent of pretillage residue cover remaining 
after a single tillage pass (Colvin et al., 
198ia) 
Tillage 
implement 
Spring fol­
lowing previ-
ous tillage 
Average Range Average Range Average Range 
Fall with- Spring with­
out previous out previous 
tillage tillage 
% of pretillage surface cover after corn— 
0-10 Moldboard plow 4 
Disk 84 
Chisel 56 
Field cult. 
Till plant 
(sweep) 
Plant (double-
disk opener) 
40-85 
7 
50 
56 
62 
90 
5-10 
42-73 
44-68 
59-66 
82-100 
80 
84 
80 
46-100 
% of pretillage surface cover after soybeans 
Moldboard plow 2 
Disk 
NH3 knife on 
762 mm centers 
Chisel 14 
Till plant 
(sweep) 
Plant (double 
disk opener) 
58 56-60 
39 
28 
81 
27-54 
25-31 
70-94 
44 
115 
74 
100 
43-45 
106-130 
73-76 
76-113 
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Table 17. One system of tillage operations on corn and 
soybean residue (Colvin et al., 1981a) 
Operation Factor^ 
Surface 
coverage 
after 
corn 
Factor^ 
Surface 
coverage 
after 
soybeans 
Plan No. 1 
Fall chisel (. 56) 90% after 
harvest 
50% after 
chiseling 
no change 
(.14) 90% after 
harvest 
13% after 
chiseling 
no change 
Spring disk (. 80) 40% after 
disking 
(.58) 8% after 
disking 
Plant with 
double-disk 
openers 
(. 80) 32% after 
planting 
(1.00) 8% after 
planting 
Plan No. 2 
Winter 90% after 
harvest 
no change 
90% after 
harvest 
no change 
Spring disk (. 53) 48% after 
disking 
(est. 40) 36% after 
disking 
Plant with 
double-disk 
openers 
(. ,80) 38% after 
planting 
(1.00) 36% after 
disking 
^To determine the surface cover remaining after 
tillage multiply the pretillage surface cover by the 
factor for the operation from Table 16; for example, to 
find the percentage of the surface covered by residue 
after fall chiseling after corn, 90% x .56 = 50%. 
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Figure 8. The meterstick method of measuring crop residue 
cover (Hartwig and Laflen, 1978) 
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since the residue is not spread uniformly on the field, 
many measurements are required. Hartwig and Laflen (1978) 
recommend that 12 measurements be taken in order to reduce 
the 95 percent confidence interval about the mean to 25 
percent of the mean (Figure 9). 
The main advantage of the meterstick method is that it 
gives in-the-field results of the crop residue cover. 
In the bead method, a string is laid diagonally across 
the field. The string—commercially available—has 50 or 
100 beads attached 6 inches apart. The measurement is done 
by counting the number of beads that touch a significant 
piece of residue. Residue cover is the ratio of the number 
of beads over residue to the total number of beads. Laflen 
et al. (1981) recommend that at least 5 random observations 
per field should be taken using this method. 
Sloneker and Moldenhauer (1977) used the bead method 
to measure the relationship between percent cover and quan­
tity of residue for different crops. The results of their 
studies on corn and soybeans are shown in Figures 10 and 11. 
Advantages of the bead method are fewer number of 
observations required and convenience in giving in-the-field 
results. 
The photographic method consists of photographing the 
area between adjacent crop rows from a nearly vertical 
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Figure 9. Effect of number of observations on the confi­
dence interval at the 95 percent level (Hartwig 
and Laflen, 1978) 
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SOYBEAN RESIDUE 
Figure 10. Relationship between oven-dry weight and percent 
cover of well-distributed soybean residue 
(Sloneker and Moldenhauer, 1977) 
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Figure 11. Relationship between oven-dry weight and percent 
cover of well-distributed corn residue (Sloneker 
and Moldenhauer, 1977) 
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angle. A number of photographie transparencies are taken 
over the field area. The developed film is projected onto 
a gridded screen. Residue cover is the ratio of the inter­
sections on the grid over residue to the total number of 
intersections. 
Different film types can be used to obtain the photo­
graphic record. Williams (1979) reported that both color 
and infrared films were very useful and easy to work with. 
However, he recommended the color film since it was less 
expensive and had a wider exposure latitude than infrared 
film. 
This method has the advantage of being fast and simple. 
Approximately 2 minutes are needed to take 5 photographs 
within 10 meters of the edge of the field. Laboratory 
analysis of the developed pictures takes about 1.25 hours 
per 36 film frames. 
Photographic prints showing different types of fields 
under a variety of conditions were also used (USDA, 1958) 
to estimate crop residue cover. By comparing the field 
conditions with the appropriate set of pictures and select­
ing the one that resembles the field conditions as nearly 
as possible, the cover can be estimated. 
The point quadrant method was used and described by 
Mannering and Meyer (1963). A clear plastic square with 
100 nails arranged on a 1-inch grid and protruding through 
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one side was put on the ground. The number of nails touch­
ing the residue was counted. The residue cover is the 
ratio of the number of nails touching the residue to the 
total number of nails. Five random readings were taken 
for each plot using this method. 
Laflen et al. (1981) evaluated accuracy of the photo­
graphic method, meterstick and line-transect (bead) methods. 
They found that all three methods can be used satisfactorily 
to measure residue cover. However, an upward bias was found 
in using the line-transect method. The line-transect method 
achieved greater precision than the meterstick or photo­
graphic methods (Figure 12). 
Adams andArkin (1977) compared various methods of 
measuring vegetative cover. These included: photosensi­
tive light sensors, meterstick and photographic methods. 
They found that these techniques gave results that were 
not significantly different. Photographic techniques gave 
slightly higher percentage cover values. The authors con­
cluded that for measurements made in row crops, the meter­
stick is as accurate, faster, simpler, and more economical 
than any of the other methods used. 
Conservation Tillage Herbicide 
Application Machinery 
With the advent of conservation tillage, a new set of 
principles and technologies has to be mastered. In order 
Figure 12. Effect of number of observations on the confi­
dence interval of the mean (X) at the 95 per­
cent level (Laflen et al., 1981) 
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to expand the potential of conservation tillage, research 
emphasis has been put on solving planting and weed control 
problems which are the main limitations. The key approach 
for herbicides was using better chemicals and improved 
application methods. Great progress has been made by 
chemical companies in developing a wide range of herbi­
cides. Improved effective use requires better application 
machinery. 
Since there is less tillage performed with conserva­
tion tillage, incorporation of herbicides can become a 
problem. An additional requirement which must be met is 
that herbicide application should not cover or destroy much 
of the surface residue. The following section reviews the 
progress made in herbicide application machinery for con­
servation tillage. 
Wooten and McWhorter (1960) developed the Stoneville 
Blade (Figure 13). It was made of two pieces. Each end 
of the bottom horizontal cutting blade was turned up at a 
90 degree angle to form the attaching members. A concave 
blade was fitted horizontally to the cutting blade between 
the vertical end members, beginning at a point one inch to 
the rear of the leading angle of the bottom blade (Figure 
14). The inside angle was welded and formed by the two 
blades so that the soil could flow smoothly over the top 
of the surface. A spray boom was placed in the angle formed 
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Figure 13. Side view of applicator (Wooten and McWhorter, 
1960) 
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Figure 14. Underground chemical applicator and attaching 
standards, fitted with single orifice; 2-outlet 
and 3-outlet booms are shown in the foreground 
(Wooten and McWhorter, 1960) 
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by the two horizontal blades on the applicator. The orifices 
were faced to the rear of the direction of travel of the 
machine. The concave surface of the blade, when in forward 
motion, produced a mobile umbrella of soil under which the 
spray pattern could pass undisturbed from one or more 
nozzles in the spray boom. The collapse of the umbrella 
shortly after the passage of the blade trapped the herbi­
cide under the surface of the soil. 
The original underground liquid herbicide applicator 
(Stoneville Blade) was modified by Wooten and McWhorter 
(1961) for applying solid material. Two types of booms 
were substituted for the liquid boom without the applicator. 
One boom was a single outlet (Figure 15), while the other 
was made up of a perforated tube, as shown in Figure 16. 
A P.T.O. driven duster was used in addition to a fan to 
supply the solid material to the boom. 
The authors reported the deposition of satisfactory 
band patterns. They suggested attaching a rotary hoe to 
the applicator in case mixing of the herbicide was desired. 
Fenster et al. (1962) used a V-shaped blade to apply 
liquid herbicides (Figure 17). A spray boom was mounted on 
a 7-foot V-blade that projected outward at a 75° angle. 
The blade was 6 inches wide and had a lift of 2.5 inches. 
A 3-inch shield was extended at the rear of the blade to 
allow a 50 percent overlap of the spray pattern. The boom 
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Figure 15. Rear view of applicator with single outlet 
boom (Wooten and McWhorter, 1961) 
Figure 16. Rear view of applicator with perforated tube 
(Wooten and McWhorter, 1961) 
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Figure 17. Above, overall view from behind a seven-foot 
V-plow as modified for subsurface herbicide" 
application and below, a picture beneath the 
blade showing the spray boom (Penster et al., 
1962) 
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was connected to a tank. 
Reported advantages of this machine include; (a) weeds 
were mechanically destroyed during the herbicide applica­
tion; (b) herbicides could be incorporated; (c) no inter­
ception by plant residue; and (d) wind does not affect 
application. 
Problems with this machine included obtaining proper 
application depth in different soils, stony areas, low 
field capacity, and large power requirement which resulted 
in higher costs. 
Barren tine and Woo ten (19j67) used a sub-surface sweep 
which was 18 inches wide and had a narrow flat stem with a 
sharp edge (Figure 18). Under the trailing edge of the 
sweep, a spray nozzle was mounted vertically. Uniform in­
corporation to the depth of 1 inch in sandy loam was re­
ported to be possible with this machine. 
Morrison et al. (1980) reported the use of a modified 
41-cm wide chisel plow sweep by mounting a flat, even-spray 
nozzle and a horizontal protection plate under each sweep 
(Figure 19). Operating depth was from 5 to 10 cm below the 
soil surface. The machine was reported to move adequately 
through fields with 4000 to 6000 kg/ha of surface residue. 
One of the problems was the loss of residue cover. About 
23 to 36 percent loss was observed in fall and spring sweep 
incorporation in sorghum and cotton stubbles. To reduce 
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Figure 18. Top and bottom view of the 18-in subsurface 
spray (Barrentine and Wooten, 1967) 
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Figure IS. Chisel plow sweep with spraying nozzle and a 
protection plate to shield the nozzle from soil 
buildup and from damage (Morrison et al., 1980) 
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surface residue loss, the authors suggested a modified de­
sign with a thin shank, simple attachment and a protected 
spray nozzle (Figure 20). 
Subsurface layering application of herbicides was used 
by Carlson et al. (1980) to control yellow nutsedge in 
California. The machine used was a spray blade or a sweep 
fitted with a spray nozzle. The herbicide solution was 
sprayed in a continuous, subsurface swath while the machine 
is being pulled through the soil. Use of three different 
types of spray blades was reported. These included a flat 
blade (Figure 21) for flat planted fields, a slanted blade 
with forward-pointing nozzles for bedded fields, and a 
perforated manifold instead of the spray nozzle. 
Solie et al. (1981) evaluated two kinds of subsurface 
injection equipment including layer injection sweeps and 
jet injection sweeps. Equipment tested in the layer injec­
tion sweeps were two versions of sweeps mounted on a Buffalo 
till planter. Two spray patterns were applied under the 
sweeps. 
The authors reported that sweeps designed to spray sub­
surface herbicides in a layer while mounted on a planter 
did not perform satisfactorily in conservation tillage con­
ditions. The soil adhered to the sweep and built up on the 
horizontal plate. The sweep excessively ridged the soil, 
burying the herbicide too deep except near the row. Residue 
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Figure 20. Proposed improved sweep incorporator (Morrison 
et al., 1980) 
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herbicide layer 
Figure 21. Herbicide is applied in a continuous subsur­
face swath as flat spray blade is pulled 
through the soil (Carlson et al., 1980) 
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increased the ridging effect and made depth control more 
difficult. The design could not be easily adapted to total 
coverage or to wide sweeps. It could not be operated at a 
depth greater than 4 cm and still give acceptable weed 
control. The sweep with its 60° flare angle, necessary to 
shear weeds and residue, was excessively heavy and bulky. 
The sweep mounted on the planter tended to bunch and row 
heavy residue. 
In testing the subsurface jet injection sweeps, a 
machine was designed and built to distribute herbicides by 
jetting them upward, through orifices in a manifold mounted 
on the trailing edge of the sweep, into the soil passing 
over the blade (Figure 22). The evaluation showed that 
field performance of the jet sweep was excellent. The soil 
flowed smoothly over the blade, leaving the soil surface flat 
and smooth after tillage. The soil did not adhere to the 
sweep. The sweep could be operated 1,5 cm below the surface 
and still maintain even soil flow over the blade. There was 
no external plugging of the manifold orifices. However, it 
was reported that fragments of corn leaves occasionally 
slipped through the gap between the blade and the manifold. 
These draped over the manifold, blocking the orifices when 
the sweep was raised from the soil or lowered into the soil. 
The authors also reported that jets were penetrating close 
enough to the soil surface to place herbicides in the weed 
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Figure 22. Two views of the manifold mounted on a blade 
showing jet orientation (Solie et al., 1981) 
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seed germination zone. Good weed control was obtained by 
the jet injection sweep when operated 7.5 cm deep at 386 
kpa injection pressure and 2 cm jet spacing. 
Barker et al. (1982) compared the use of a spray boom 
mounted on a combine harvester between the cutterbar and 
the straw discharge (Figure 23) to other methods for apply­
ing liquid herbicide. They found that the application of 
a liquid herbicide with the boom mounted on a combine 
harvester and incorporated with a rolling cultivator gave 
the most satisfactory performance in standing small grain 
stubble. They also suggested spraying under the herbicides 
beneath the discharge of a stalk shredder so that more 
herbicide is allowed to reach the soil surface than when 
simply spraying over the top of the stalk residue. 
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Figure 23. Facsimile of sprayer mounted on combine harvester 
between cutter bar and straw discharge (Barker 
et al., 1982) 
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NEW APPROACH 
The Problem 
The adoption of conservation tillage practices has 
resulted in changes in farming methods which produced new 
requirements for farm machinery. With the objective of 
controlling soil erosion, it becomes necessary that a pro­
tective residue cover be maintained on the soil surface. 
This is a major requirement. 
However, since less tillage is performed, more herbi­
cides are being used to control weeds. For maximum effi­
ciency of some soil-applied herbicides, incorporation is 
required. An additional problem is that the planting opera­
tion is hindered by too much residue on the surface. 
Planters, nevertheless, cause some tillage and soil surface 
mixing. 
It appears that we are confronted with two contradic­
tory requirements, leading to a dilemma. The first require­
ment necessitates maximum retention of soil cover for maxi­
mum erosion control; the second requirement enforces dis­
turbance and mixing of the soil with herbicide application 
and planting for maximum crop production. 
A machine designed specifically for conservation till­
age farming will give better performance and efficiency in 
these systems. The conservation tillage limiations placed 
85 
on that machine, irrespective of chemical application and 
planting, are: 
(1) Minimum disturbance of crop residue cover. 
(2) Minimum mixing of soil and residue. 
(3) Minimum surface pulverization of soil. 
The Solution 
With the objective of keeping the crop residue cover, 
most of the machines designed today for conservation till­
age systems stress minimum disturbance of soil cover. How­
ever, these machines, in using tools like coulters, sweeps 
and blades, encounter many problems with crop residue. 
These problems include lack of penetration, residue inter­
ference, and poor depth control. 
The new approach attacks the problem from another 
direction. The idea is to pick up the residue, raise it 
above the soil surface to a reasonable height for a short 
time (seconds) and finally drop it again. This will allow 
all the required practices including planting, fertilizer 
application and herbicide incorporation to be done on the 
residue-bare soil without losing the crop residue. 
In addition, crop residue will be redistributed on 
the soil surface increasing the percent of soil coverage. 
This should lead to less soil erosion. 
By this operation, both initial objectives could be 
fulfilled. First, best crop production practices could be 
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used; and second, best conservation measures could be 
employed since the residue cover is maintained. 
A farmer using the corn residue managing machine will 
have many options. He will be able to attach it to any 
combination of planters, chemical applicators, or tillage 
tools. This could be done in such a way that only one trip 
over the field is required to perform the recommended prac­
tices. The reduction in field traffic leads to less compac­
tion, less energy requirement, and less time in the field, 
in addition to many other benefits. 
87 
DEVELOPMENT OF A CORN RESIDUE MANAGING MACHINE 
Objectives 
(1) Develop a machine that could: 
(a) pick up corn residue from the ground; 
(b) raise it up allowing enough time and clear­
ance for other operations like chemical 
application, planting, and tillage; and 
(c) drop the residue back on the ground in a 
better distribution (i.e., greater percent 
residue cover). 
(2) Evaluate the machine's ability to pick up corn 
residue. 
Design objectives 
(1) Maximize picking ability. 
(2) Be reliable. 
(3) Be simple in design and easy to operate, adjust, 
and maintain. 
(4) Be designed for use in row crops. 
(5) Be economical. 
(6) Cause minimum soil disturbance. 
Design Alternatives 
At the early stages of this project, it was decided 
that the mechanical system for picking corn residue should 
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include; 
(1) a lifting or picking mechanism, 
(2) a collecting mechanism, and 
(3) a transport mechanism. 
After a period of brainstorming and screening different 
ideas, the following design alternatives were considered 
to be the most promising. 
(1) Shredder; Essentially made of a number of hook-
shaped knives with a chisel-like leading edge, 
rotating upwards in front with high peripheral 
speeds. The corn stalks are cut and thrown to 
the back (Figure 24). 
(2) Brush and conveyor belt: A rotary brush is used 
to collect the pre-cut corn residue and force it 
on an inclined conveyor belt. The residue is then 
elevated and transported to the back of the 
machine and dropped again (Figure 25). 
(3) Picking fingers; Picking fingers mounted on an 
inclined belt which is rotating upwards. The 
fingers pick up the corn residue, collect it, and 
transport it to the back. 
Functional Observation 
In the preliminary evaluation of the different design 
alternatives, similar machines and mechanisms were tested 
and observed to determine how well the design objectives 
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were being fulfilled. The following points were observed; 
(1) Shredder: Efficient in cutting the standing corn 
stalks. However, stalks and plant parts laying 
on the surface were not picked. The picked 
material was thrown with high velocity and scat­
tered all over the field. Picking may become a 
problem in ridged or bedded fields. There is 
also the hazard of knives breaking in stony fields. 
The high peripheral speed required for cutting 
makes it difficult to control the flow and set­
tlement of the picked materials. This is in 
addition to its high energy requirement. 
(2) Brush and conveyor: The type of brush and belt 
affects the picking ability. A major problem is 
the low performance of the brush in picking stalks. 
Type of surface can also be a problem. Soil 
surface disturbance may occur. Picking of de­
composed residue is difficult. 
(3) Picking fingers; This was decided to be the most 
effective and best alternative. The fingers 
while moving will pick the residue and throw it 
upwards, leaving a very clean surface. The belt 
will transport the material and drop it back to 
the soil surface. One advantage of this 
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Figure 24. Shredder 
Figure 25. Brush and conveyor belt 
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alternative is that it is simple and does not 
have many complicated parts. 
Initial Design and Construction 
The initial design of the residue managing machine was 
made up of a frame, a driving shaft and a driven roller, 
a belt with fingers, side guards and a shield. 
The frame of the machine was constructed from 5x5 cm 
square structural steel tubing. This was welded in an (I) 
shape. 
The driving shaft was 54 cm long with two shoulders 
each 15 cm long. The shaft and the shoulders' diameters 
were 9 cm and 2.5 cm, respectively. This shaft was fixed 
to the frame by two pillow block bearings. The driven shaft 
was a roller supported by two bearings with the same dimen­
sions as the driving shaft. The driven shaft was supported 
on the frame by two solid bushings. 
The picking fingers were 14 cm long and made of 4 mm 
diameter steel wire (Figure 26), with two springs each 13 
cm long. 
The belt was 130x56x0.3 cm in dimensions. Fifty-six 
fingers were arranged in 14 rows with a distance of 11 cm 
between rows. There were alternate rows with four fingers 
and rows with three fingers along the length of the belt. 
Control of belt tension was achieved through the use 
Figure 26. A picking finger 
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of a take-up device. It was made of a pair of flanges fixed 
at the bearings of the driving shaft from one side and 
bolted to the main frame from the other side. 
A stationary 18-gage galvanized steel sheet was fixed 
19 cm from the belt. The shield was 60x46 cm, formed in a 
concave shape. Side guards made of 18-gage galvanized 
steel were added to the sides of the residue managing 
machine in order to prevent side losses of residue. 
Power was supplied by a Char-Lynn hydraulic motor. 
Figure 27 shows the final shape of the initial design 
of the corn residue managing machine. 
Figure 27. Initial design of the residue managing machine 
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DIMENSIONAL ANALYSIS 
Dimensional analysis was used to study the performance 
of the residue managing machine. 
Objectives 
To determine the semi-empirical relationships between 
the machine picking ability (response dependent variable) 
and the independent variables. 
Picking ability is defined as the mass of crop residue 
picked per unit time (W). Factors affecting picking ability 
could be divided into two groups: 
(1) Machine parameters 
(a) Operational: 
Forward speed = (SF) 
Belt speed = (SB) 
Machine height = (H) 
(b) Geometric: 
Finger length = (G) 
Other finger length = (X^) 
Finger number = (N) 
Belt width = (R) 
(2) Crop characteristics 
Crop mass density = (D) 
Crop thickness = (K) 
The variables are expressed in the following equation; 
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W = f(SF, SB, H, G, X^, N, R, D, K). 
Dimensions of the variables follow: 
W; kg/s, M/T 
SF: m/s, L/T 
SB: m/s, L/T 
H: m, L 
G: m, L 
m, L 
N; M°L°T° 
R: m, L 
D; kg/m^/ M/L 
K: m, L 
Using the mass (M), Length (L), and time (T) as basic 
dimensions (Murphy, 1950), the number of ir terms is; 
Number of 77 terms = number of variables - number of 
basic dimensions = 10 - 3 = 7 terms . 
By inspection, these dimensionless groups are possible: 
W 
^ D«SF.K2 
tt2 = SB/SF 
ïï3 = H/G 
7r4 = G/K 
ttS = G/X^ 
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ïï6 = N 
ïï7 = R/X^. 
The general equation is in the form of 
irl = (()(Tr2, Tr3, ÏÏ4 , ir5, t:6, ir7) 
or 
W _ ..SB H G G R . 
- 9 Ti' V' T~' N, T—)  .  D.SF-K2 ^ SF' G' K' 
Experimental Procedure 
Laboratory testing facility 
The laboratory tests were performed using the soil bin 
which is installed in the Agricultural Engineering Research 
Laboratory, Iowa State University. 
Because of the design of the soil bin, the residue 
managing machine was held stationary and the soil with the 
corn residue was moved to the managing machine. 
The initial design of the residue managing machine was 
attached to the soil bin by an I-shaped frame. A galvanized 
steel collection box was added at the rear of the machine 
to collect the picked residue. 
The power source was a 3.73 kW electric motor which 
was coupled to a variable displacement hydraulic pump. The 
hydraulic pump powered a hydraulic motor which drove the 
belt of the managing machine. The pump control valve and 
stroking lever provided means for precisely varying the 
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speed of the hydraulic motor which in turn controlled the 
belt speed. 
The forward speed control was achieved by the gearbox 
of the soil bin carriage. A range of 0.25-0.86 m/s could 
be achieved. 
Figure 28 shows a view of the laboratory testing 
facility. 
Control variables 
Independent variables follow; 
(1) Forward speed (SF): this was kept at a contant 
value of 0.275 m/s throughout the whole experi­
mental period. 
(2) Belt speed (SB): four levels of belt speed were 
used. These were 0.262, 0.367, 0.710, and 0.628 
m/s, corresponding to 50, 70, 90, 120 rpm of the 
driving shaft, respectively. 
(3) Machine height (H): this is the vertical height 
from the soil surface to the center of the front 
roller. Three machine heights selected were 
0.16, 0.17, and 0.18 m. 
(4) Time; collection time was measured from the time 
the first plant material falls into the collection 
pan. Five seconds for each run was found to be 
convenient. 
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Figure 28. Laboratory testing facility showing: 
1. Carriage 
2. Managing machine on the soil bin 
3. Balance 
4. Hydraulic pump and the electric motor 
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(5) Finger length (G): fingers used in this machine 
were 0.14 m long. 
(6) Other finger lengths (X^) : for this experiment, 
a shape factor equal to 0.004 m was used. 
Figure 29 shows the dimensions of the fingers in 
terms of 
(7) Number of fingers (N): shown on belt description. 
(8) Belt width (R): the belt used for this experi­
ment was 0.56 m wide. 
(9) Crop height and mass density: two types of residue 
were used. These were corn leaves and husks at 
8.1 percent moisture content (DB) and corn stalks 
at 8.8 percent moisture content (DB). Three levels 
of initial crop mass densities were used for each 
residue type. The mass was placed on an area of 
1.00 by 0.55 m at different heights. For the corn 
stalks, initial masses of 0.300, 0.400, and 0.500 
kg were placed at 0.02, 0.04, and 0.05 m thick­
ness, respectively. For the leaves and husks, 
initial quantities of 0.250, 0.350 kg were placed 
at 0.03, 0.04, and 0.05 m thickness. The final 
levels of stalk mass densities were 27.2 and 18.1 
kg/m^, while for leaves and husks the mass densi­
ties were 15.1, 15.9, and 16.3 kg/m. 
The dependent variable was the rate of residue 
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Figure 29. Top view of a picking finger showing configura­
tion and dimensions 
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collecting (W), in kg per second. 
Of the independent TT terms, the following were kept 
constant at these levels: 
ttS = G/A^ = 35.0 
ti6 = N = 56 
TT 7 — R/ — 140.0. 
The remaining independent ir terms were controlled at 
the following levels ; 
it2: 0.95, 1.3, 1.7, 2.3 
Tr3: 1.1, 1.2, 1.3 
IT4: 2.8, 3.5, 7 for stalks 
2.8, 3.5, 4.7 for leaves and husks. 
Figure 30 depicts a side view of the dimensional 
analysis experiment set-up. 
Experimental design 
A multi-factor factorial design was used in this experi­
ment with four replications for each treatment. With four 
levels of it2, three levels of tt3, six levels of Tr4, and 
four replications, a total of 288 runs was planned. 
For convenience in experimentation and data analysis, 
the work was further divided into two experiments, one for 
corn stalks and the other for corn leaves and husks. This 
resulted in 144 runs for leaves and husks and 108 runs for 
stalks since only three levels of n2 were used. 
Figure 30. Test set up for dimensional analysis study experiment 
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Equipment used 
(1) Soil bin 
(2) Stop watch 
(3) Balance 
(4) Tachometer. 
Typical laboratory procedure 
(1) Level the soil surface of the bin. 
(2) Measure an area 0.55 m wide and 1.00 m long. 
(3) Measure the required amount of initial residue 
mass. 
(4) Spread this amount evenly on the measured area 
and check the height of the residue (K) for each 
prescribed mass density (D). 
(5) Check the machine height (H). 
(6) Check the belt speed (SB). 
(7) Lower the residue managing machine. 
(8) Start the soil bin carriage (first gear). 
(9) Using the stop watch, measure the exact time when 
residue starts to fall on the collection pan. 
(10) Stop the carriage after five seconds. 
(11) Raise the machine. 
(12) Collect the picked residue and determine its mass. 
106 
Results and Discussion 
Stalks 
The data obtained from the dimensional analysis study 
of the residue managing machine using corn stalks is pre­
sented in Table 18 and Appendix Table Al. 
For three levels of ttS, Figures 31, 32, and 33 show 
plots of TTl vs. ïï2 at different levels of ir4. The tt3 levels 
were 1.1, 1.2, and 1.3, respectively. Three levels of TT2 
and three levels of ÏÏ4 were used. Levels of TT2 included 
2.3, 1.7, and 0.95, while levels of Tr4 included 2.8, 3.5, 
and 7.0. 
Figures 34, 35, and 36 show three dimensional plots of 
irl vs. Tr2 vs. ÏÏ4 at three levels of Tr3. Values of these 
variables were the same as the previous plots. 
From these data, irl increased as TT2 and TT4 increased 
and as ir3 decreased. 
A linear regression procedure with a model in the 
form of 
ttI = A + B ïï2 
where 
A = intercept and 
B = slope 
was used; at a level of Tr4 equal to 2.8 slopes were -1.2, 
4.3, and 2.5, while intercepts were 7.10, 4.64, and 4.64 
for values of it3 equal to 1.1, 1.2, and 1.3, respectively. 
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Table 18. Dimensional' analysis study of the corn residue 
managing machine for corn stalks—dimensionless 
ir terms 
irl tt2 ÏÏ3 ÏÏ4 
12.66 2.3 1.3 7.0 
10.88 1.7 1.3 7.0 
9.78 0.95 1.3 7.0 
5.62 2.3 1.3 3.5 
5.26 1.7 1.3 3.5 
4.76 0.95 1.3 3.5 
5.92 2.3 1.3 2.8 
5.22 1.7 1.3 2.8 
5.22 0.95 1.3 2.8 
15.56 2.3 1.2 7.0 
12.66 1.7 1.2 7.0 
12.20 0.95 1.2 7.0 
7.42 2.3 1.2 3.5 
7.54 1.7 1.2 3.5 
7.52 0.95 1.2 3.5 
6.62 2.3 1.2 2.8 
6.06 1.7 1.2 2.8 
5.48 0.95 1.2 2.8 
15.66 2.3 1.1 7.0 
15.22 1.7 1.1 7.0 
14.32 0.95 1.1 7.0 
7.92 2.3 1.1 3.5 
7.92 1.7 1.1 3.5 
7.34 0.95 1.1 3.5 
6.48 2.3 1.1 2.8 
6.80 1.7 1.1 2.8 
6.82 0.95 1.1 2.8 
108 
16.0-
LEGEND: i i4 
14.0:  
13.0-
12.0-
S 
I 
a 
7.0 — 
0. 9 1.3 1.9 I .  5 I .  7 2.  I  I. 1 
il2 DIHENSIONLESS 
Figure 31, Corn stalks: ttI vs. h2 for different levels 
of ir4 at ïï3 = 1.1 
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Figure 32. Corn stalks: TTI VS. ïï2 for different levels 
of tt4 at TT3 = 1,2 
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At a level of Tr4 equal to 3.5, slopes were 2.3, -0.3, 
and 3.2, while intercepts were 6.96, 7.60, and 4.14 at 
values of Tr3 equal to 1.1, 1.2, and 1.3, respectively. 
At a level of Tr4 equal to 7.0, slopes were 5.1, 12.0 
and 10.7, while intercepts were 13.38, 9.52, and 7.58 for 
values of Tr3 equal to 1.1, 1.2, and 1.3, respectively. 
Leaves and husks 
The second part of the experiment studied the perform­
ance of the corn residue managing machine using corn leaves 
and husks. The data obtained are presented in Table 19. 
Detailed laboratory data are also shown in Appendix Table A2. 
Figures 37, 38, and 39 show results obtained at tt3 
equal to 1.1, 1.2, and 1.3, respectively. The plots depict 
ïïl vs. ïï2 at different levels of ir4. Four levels of Tr2 and 
three levels of ir4 were used. Levels of 7r2 included 2.3, 
1.7, 1.3, and 0.95, while levels of Tr4 included 2.8, 3.5, 
and 4.7. 
Figures 40, 41, and 42 illustrate three dimensional 
plots of trl vs. IT2 vs. TT4 for three levels of TT3. These 
levels are indicated on the figures. 
Values of ïïl were found to increase as 7r2 and ÏÏ4 in­
creased and to decrease as ÏÏ3 increased. 
The linear regression procedure was also used with the 
same model as for the corn stalks analysis. At a level of 
ïï4 equal to 2.8, values of slopes were 1.0, 6.7, and 7.4, 
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Table 19. Dimensional analysis study of the corn residue 
managing machine for corn leaves and husks— 
dimensionless ir terms 
TTl tt2 Tr3 ir4 
9.74 2.3 1.1 4.7 
8.40 1.7 1.1 4.7 
7.66 1.3 1.1 4.7 
7.26 0.95 1.1 4.7 
6.40 2.3 1.1 3.5 
6.08 1.7 1.1 3.5 
5.46 1.3 1.1 3.5 
4.96 0.95 1.1 3.5 
5.06 2.3 1.1 2.8 
4.96 1.7 1.1 2.8 
5.12 1.3 1.1 2.8 
4.68 0.95 1.1 2.8 
9.20 2.3 1.2 4.7 
8.60 1.7 1.2 4.7 
7.86 1.3 1.2 4.7 
7.46 0.95 1.2 4.7 
6.46 2.3 1.2 3.5 
6.14 1.7 1.2 3.5 
5.00 1.3 1.2 3.5 
4.42 0.95 1.2 3.5 
5.52 2.3 1.2 2.8 
4.76 1.7 1.2 2.8 
4.14 1.3 1.2 2.8 
3.74 0.95 1.2 2.8 
9.20 2.3 1.3 4.7 
7.14 1.7 1.3 4.7 
6.20 1.3 1.3 4.7 
6.25 0.95 1.3 4.7 
5.92 2.3 1.3 3.5 
5.76 1.7 1.3 3.5 
5.50 1.3 1.3 3.5 
4.54 0.95 1.3 3.5 
4.96 2.3 1.3 2.8 
4.78 1.7 1.3 2.8 
3.96 1.3 1.3 2.8 
2.92 0.95 1.3 2.8 
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Figure 37. Corn leaves and husks; irl vs. ïï2 for different 
levels of ïï4 at it3 = 1.1 
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Figure 38. Corn leaves and husks; ÏÏI VS. ÏÏ2 for different 
levels of Tr4 at 7r3 = 1.2 
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Figure 39. Corn leaves and husks; irl vs. tt2 for different 
levels of it4 at TT3 = 1.3 
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TTl vs. Tr2 vs. ir4 
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while intercepts were 4.64, 2.44, and 1.84 for values of 
ïï3 equal to 1.1, 1.2, and 1.3, respectively. 
At TT4 equal to 3.5, slopes were 5.4, 7.9, and 4.6, 
while intercepts were 4.04, 3.04, and 3.98 for ir3 values 
of 1.1, 1.2, and 1.3, respectively. 
At Tr4 equal to 4.7, slopes were 9.3, 6.6, and 11.4, 
while intercepts were 5.34, 6.20, and 3.62 for 7r3 equal to 
1.1, 1.2, and 1.3, respectively. 
Conclusions 
Within the range of the values of this experiment, it 
was found that the residue managing performed differently 
with corn stalks than with corn leaves and husks as was 
expected. 
For corn stalks, the ranges of the ir terms were: for 
tt2 (||) 2.3 to 0.95, tt3 (|) form 1.1 to 1.3, and Tr4 (|) 
W from 2.8 to 7. Within this range, irl ( s-) increased 
D'SF'K^ 
as IT2 and it4 increased. it1 decreased as m3 increased. 
For corn leaves and husks, the ranges were: for 
it2 from 2.3 to 0.95, irS (5) from 1.1 to 1.3, and 
Tr4 ($) from 2.8 to 4.7. Within this range, ttI ( —y) 
K D'SF'K^ 
was found to increase as it2 and ÏÏ4 increased and as n3 
decreased. 
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Estimating Machine Performance 
The data obtained from the dimensional analysis study 
of the corn residue managing machine are very useful in 
estimating its performance. The following example shows 
the procedure to be followed; 
Example : 
Given; Crop Corn stalks 
Crop thickness (K) 0.045 m 
Crop mass density (D) 2400 kg/m? 
Machine height (H) 0.17 m 
Machine forward speed (SF) 0.24 m/s 
Belt speed 0.36 m/s 
Required; mass of crop material collected per unit time 
Calculations ; 
" 2  = i = § ^  =  1 - 5  
« = 1= OT = 1-2 
= I = vfèh ' 
For corn stalks at 7r3 equal to 1.3, go to Figure 33 
which shows ttI vs. Tr2 at different levels of Tr4 for '^3 = 
1.3. At Tr2 = 1.5 and ïï4 = 3.1, the value of irl is about 
6.7, so 
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= D-SF-K2 
or 
W = 6 . 7 x D x S F x K ^  
= 6.7 X 2400 ^  X 0.24 - x (0.045)2 
Î m-^  ® 
= 7.8 kg/s . 
Therefore, this machine is expected to collect residue at 
the rate of 7.8 kg/s for the conditions given in this 
example. 
125 
THE FIRST VERSION OF THE RESIDUE 
MANAGING MACHINE 
The initial residue managing machine with the non-
adjustable reel was taken to the field for testing. 
The machine was mounted on a three-point hitch of a 
544 International Harvester tractor. Mounting was done 
through a 3x7.6x0.003 m steel pipe. The managing machine 
was bolted to the pipe from one end while the other end of 
the pipe was fixed to the three-point hitch. The final 
shape of the mount was made in such a way that the machine 
operates to the right-hand side of the tractor driver. 
This enabled easy observation in order to make the required 
adjustments in height and direction of the managing machine. 
The hydraulic motor which drives the managing machine 
was coupled to the tractor's hydraulic system. Speed con­
trol of the hydraulic motor was achieved through the tractor 
controls in addition to a control valve installed between 
the motor and the tractor. A maximum rotary speed of 240 
rpm was possible. 
A galvanized steel bag holder was built and attached 
to the rear end of the machine. This enabled easy flow of 
the collected residue to a plastic bag which was fixed by 
a large rubber band to the holder. Figure 43 shows a rear 
view of the mounting. 
Figure 43. Rear view of the side mounted residue managing 
machine 
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Preliminary field testing was not satisfactory. Resi­
due was not handled in the desired way. This was partly 
due to the field conditions and residue characteristics. 
The residue was one year old, and the field had almost no 
ridges. Corn residue was compacted to the ground, partially 
decomposed and difficult to pick. 
Modifications 
A reel was attached to the front of the managing ma­
chine. The reel was 56 cm wide and made of four bars. Six 
fingers each 18 cm long were put on the four bars. Two 
bars held two fingers each, while the other two alternate 
bars held a single finger each. 
The reel was powered from the managing machine driving 
shaft by a V-belt. The reel was rotating in an opposite 
direction of the belt and with a speed twice that of the 
belt. Figure 44 depicts the shape of the managing machine 
and the attached reel. 
The managing machine with the fingers on the reel was 
taken to the field for preliminary testing. The performance 
was again not satisfactory. The fingers were not able to 
disturb the packed residue in the desired way. Some fingers, 
while rotating, hit the ground and broke off. The managing 
machine was taken back to the shop. 
The decision was made that the next modification was to 
Figure 44. Managing machine with fingers on the reel 
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remove the fingers from the reel and install solid flaps 
instead. The machine could be lowered such that the fingers 
on the belt could disturb the residue and kick it up. The 
reel (beater) would then hit the flowing residue and deflect 
it back to the rotating belt. Eventually, the residue would 
Ï 
be transported to the back. This is illustrated in Figure 
45. 
The reel was driven by a V-belt through a pulley system 
powered from the right-hand side of the managing machine. 
The beater was rotated with a speed twice the belt speed 
and in the opposite direction to the belt. 
The belt was inclined at a fixed angle of 30° with the 
ground. This allowed a clearance of 0.60 m from the ground 
at the rear end of the managing machine. Two steel wheels 
20 cm in diameter and 4 cm wide were added to the front 
part to control height. 
Figure 46 illustrates the final shape of the modified 
residue managing machine. 
Preliminary testing showed satisfactory performance in 
y 
the field. It was then decided that the modified residue 
managing machine was ready for testing. 
Field Testing 
Field preparation 
Testing was done in summer 1982 at the Agricultural 
Engineering Research Farm. The field selected was an 
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Figure 45. Operation of the first version of the residue 
managing machine 
Figure 46. First version of the residue managing machine 
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unplanted field that contained the corn residue from the 
previous year. The residue had partially decomposed and 
was quite compacted. This was due to the weather condi­
tions, especially the snow effect. An International 
Harvested shredder (model 30) was used to cut the standing 
stalks to prepare the field for the managing machine. The 
standing stalks after shredding were 7 cm high. The 
shredded parts were 13 cm long. 
Experimental design 
A randomized block design was used. It consisted of 
three forward speeds, one belt speed and four replications. 
A total of 12 runs was planned. The three forward speeds 
were 2.4, 4.8, and 7.2 km/hr. The selected belt speed was 
1.26 m/s. The managing machine height was kept at 16 cm 
where the belt fingers were just brushing the ground. 
Parameters to be measured 
Two parameters were to be measured. The first was 
percent material picked, which was the ratio of amount of 
residue picked by the machine to the amount of material 
initially on the ground. The second parameter was the 
percent surface cover beneath the machine after it picked 
the residue. This was taken as a percentage of the original 
cover before the run. The photographic method discussed in 
the literature review was found to be the most convenient. 
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Equipment 
(1) Balance. 
(2) Tachometer. 
(3) Stop watch. 
(4) Camera. 
Materials 
(1) Plastic trash bags. 
(2) Color slide films. 
Personnel 
(1) Tractor driver. 
(2) Photographer. 
(3) Two helpers. 
Field layout 
The field was divided into four blocks. For each 
block, strips 0.60 m wide were prepared such that the machine 
would run for one minute for the 2.4 and 4.8 km/hr forward 
speeds and for half a minute for the 7.2 km/hr forward speed. 
Randomisation was made and the order of runs was drawn 
on the field plan. 
Test procedure 
(1) Take five slide photographs of initial residue 
percent coverage for each run. 
(2) Allow about 3 meters from the beginning of the 
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strip. 
(3) Hold the plastic bag at the rear of the machine. 
(4) Run the machine for the required period of time 
according to the field plan. Check using the 
stop watch. 
(4) Run the machine for the required period of time 
according to the field plan. Check using the 
stop watch. 
(5) Collect the picked residue in the plastic bag. 
(6) Take five slides of the strip where the machine 
had operated. 
(7) Collect initial mass samples at the beginning and 
end of the strip from 76x30 cm areas. 
Results 
Table 20 shows a summary of results of the percent 
residue picked. Table A3 in the Appendix shows field data 
of the test. Table 21 shows a summary of the percent remain­
ing cover using the photographic method. Table A4 in the 
Appendix gives the field data of the percent residue cover. 
The final data are also depicted on Figure 47 which 
shows the percent residue picked and percent remaining resi­
due cover vs. machine forward speed. 
During the field testing, some mechanical problems were 
observed. The belt with the fingers often moved to one side 
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Table 20. Summary of field performance of the first version 
of the residue managing—percent collected 
Machine 
forward 
speed 
km/hr 
Field 
density 
kg/ha 
% 
collected 
2.4 7,730 45 
00 
7,689 24 
7.2 8,238 18 
Table 21. Summary of field performance of 
of the residue managing machine-
the first version 
—percent cover 
Machine 
speed 
km/hr 
Initial 
cover 
% 
% Pinal cover 
after residue 
collection 
2.4 81 33 
00 
83 42 
7.2 78 51 
137 
100 • Final Percent Surface Cover 
0---0—-o Percent Mass Picked 
100 
80 80 
•s 
2 60 
0. 
w 
M 
ID 
8 no 
S. 
60 
u 
I 
U 
S Î 3 
(0 
I 
40 £ 
1 
20 
—o 
20 
Forward Speed km/hr 
Figure 47. Percent mass picked and final percent surface 
cover vs. forward speed for the first version 
of the residue managing machine 
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and required readjustment. Also, some residue entangled on 
the beater and had to be removed manually. 
Discussion 
Results of the field testing of the residue managing 
machine showed that a maximum of 45 percent of the initial 
residue could be picked. This was achieved at a machine 
forward speed of 2.4 km/hr and a belt speed of 1.2 m/s. 
This percentage decreased as forward speed increased. 
At a forward speed of 4.8 km/hr, 24 percent of the field 
residue was collected, while only 18 percent of the field 
residue was picked at a forward speed of 7.2 km/hr. 
Percent cover measurements showed that at the maximum 
picking percentage of 45 percent, a ground percent cover of 
33 percent could be maintained. This means that fertilizer 
or herbicide application with soil incorporation could be 
performed, and at the end of the run, 48 percent cover or 
more could be achieved. This is because the residue was 
redistributed after it was thrown out the rear of the 
machine. 
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THE SECOND VERSION OF THE RESIDUE 
MANAGING MACHINE 
Modifications 
In order to increase the picking percentage of the corn 
residue managing machine, the decision was made to increase 
the number of picking fingers on the belt. 
Sixteen more fingers were added to the 56x130 cm belt 
to increase the total number of fingers to 72. These 72 
fingers were arranged in 16 rows. Eight rows with five 
fingers alternated with eight rows with four fingers. 
A hood was built from galvanized steel to cover the 
upper part of the belt. 
Field Testing 
Field conditions 
A different corn field which had been harvested two 
weeks before the test was selected as the plot for second 
field testing. Some stalks were as high as 21 cm from the 
ground. 
In order to prepare the field for the managing machine 
operation, a side-mounted sickle mower was used to cut the 
standing stalks. After the mowing operation, the stalk 
height was 6 cm. The stalks of the residue were cut into 
pieces about 39 cm long. 
Preliminary field testing showed that some of the 
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residue hung on the fingers on the belt and kept moving 
with it. A comb was built from 12x0.5 cm steel rods. The 
comb was made from nine rods, as shown in Figure 48. 
The machine was mounted on the side of the tractor 
as was the first version. 
Test procedure 
A randomized block design experiment with two forward 
speeds, three belt speeds, and one height was set. Four 
replications were used. A total of 24 runs was planned. 
The two forward speeds were 2.4 and 4.8 km/hr. The three 
belt speeds were 0.63, 0.94, and 1.26 m/s. The machine 
height was kept at 16 cm from the ground as before. 
Instead of running the machine for a specified period 
of time, a fixed distance of 9.1 meters was measured on the 
ground for each run. 
After proper randomization, the field plan was drawn 
and the field was staked and made ready for the test. In 
this test, only percent picked residue was measured. 
The machine was run according to the field plan. No 
major mechanical problems were encountered except side move­
ment of the belt. The collected residue was gathered in 
plastic bags for mass and moisture content measurements. 
Field samples of the amount of residue left on the 
ground were taken from a 76x30 cm area. 
Figure 48. Rear view of the second version showing the 
comb 
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Results 
Table 22a shows the performance results of the second 
version of the residue managing machine. At a machine for­
ward speed of 2.4 km/hr, the percent residue picked was 41, 
54, and 50 for belt speeds 0.63, 0.94, and 1.26 m/s, respec­
tively. At machine forward speed of 4.8 km/hr, the percent 
residue picked was 33, 33, and 39 for belt speeds 0.63, 0.94, 
and 1.26 m/s, respectively. 
Table A5 in the Appendix shows the field data of the 
test. 
Figure 49 shows a plot of percent mass picked vs. belt 
speed for the two forward speeds of the second version of 
the residue managing machine. 
Discussion 
Table 22b shows the analysis of variance for the second 
version data. The mean square for error was found to be very 
high (173.5). This could be attributed to the uneven distri­
bution of the residue material in addition to the irregular 
field surface level. 
Test results of the second version of the residue manag­
ing machine showed that for the setme forward speed, the per­
cent residue picked tended to increase as belt speed 
increased. 
The percent residue picked increased as forward speed 
decreased. For a machine forward speed of 4.8 km/hr, the 
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Table 22a. Summary of results, field testing of second 
version of residue managing machine 
Forward 
speed 
km/hr 
Belt 
speed 
m/s 
Residue 
density 
kg/ha 
% 
picked 
2.4 
2.4 
2.4 
4.8 
4.8 
4.8 
0.63 
0.94 
1.26 
0.63 
0.94 
1.26 
11,431 
11,234 
11,368 
12,467 
12,702 
9,875 
41 
54 
50 
33 
33 
39 
Table 22b. Analysis of variance for second version 
Source of 
variation d.f. S.S. M.S, 
Treatments 
Blocks 
Error 
Total 
5 
3 
15 
23 
1620.1 
229.4 
2602.0 
4451.5 
324.0 
76.5 
173.5 
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Figure 49. Percent mass picked vs. belt speed for second 
version of residue managing machine 
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mean percentage of picked residue was 39 percent, obtained 
at a belt speed of 1.26 m/s. As the forward speed was 
decreased to 2.4 km/hr, a mean of 55 percent residue pick­
ing was achieved at a belt speed of 0.94 m/s, and 50 per­
cent at a belt speed of 1.26 m/s. 
The data showed that there was overall improvement of 
the second version compared to the first version. The maxi­
mum percent picked residue for the second modification was 
55 percent, while the maximum for the first version was 
45 percent. 
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RESIDUE PROPERTIES 
Residue properties are very important factors affect­
ing the performance of the handling machines. The same 
machine operating with the same settings but in a different 
field with different residue properties could have a dif­
ferent performance. Data from laboratory and field experi­
ments of the residue managing machine and observation of 
machine performance showed that residue properties do 
affect machine performance. A good description of the 
residue properties that affect handling could be a very 
useful tool for improving machine design and efficiency. 
In this chapter, residue properties that affect handling 
are discussed. A system for describing the residue in a 
specific field is proposed. An example using this proposed 
system is given at the end of the chapter. 
Residue properties could be divided into two main cate­
gories. These are qualitative and quantitative properties. 
Qualitative Properties 
These include properties that could be best described 
by words rather than numbers. 
(1) Plant type: The type of plant from which the 
residue came. 
(2) Method of planting; Describes whether the crop 
was grown on a level or ridged field, whether 
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planted broadcast or in rows. 
(3) Method of harvesting; States what type of machine 
was used to harvest the crop. For corn, a field 
harvested by a combine is quite different in resi-
g due properties from residue in a field harvested 
by a corn picker or by a forage harvester for 
ensilage. 
(4) Age of the residue: The age of the residue is an 
important property to show the weather effect. 
Age also could show how the residue was anchored 
to the soil. 
(5) Decomposition; The extent of decay the residue 
has undergone is another factor to illustrate the 
effect of weather. Leaves were found to decompose 
before the other parts, followed by husks and cobs. 
Stalks were the last to decompose. 
(6) Method of stalk cutting: For the residue managing 
machine developed here, an extra operation is 
required to make the residue ready for picking. 
« 
The type of machine used affects residue proper­
ties. This method could be mowing, flail-mowing 
or conditioning. 
Quantitative Properties 
These include measurable properties that could be ex­
pressed in numbers. 
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(1) Material per unit area: Obtained by using a frame 
of a known area, collecting all residue material 
and weighing it. 
(2) Classification: Percent of stalks, cobs, husks 
and leaves. This is based on mass of each material 
in a unit area. 
(3) Length of stalk pieces: Mean length of stalks in 
the field. The distribution of different lengths 
could also be a parameter describing stalks of a 
specific field. 
(4) Stalk diameter: This property affects residue 
density and the extent of surface cover. Crops 
with small stalk diameter cover more surface area 
than stalks with large diameter for the same mass 
of material. 
(5) Percent surface cover; This is an important 
property in estimating water and wind erosion. 
It also expresses the distribution of residue on 
the field surface. Good distribution of the resi­
due helps in performing a smooth handling opera­
tion. 
(6) Residue moisture content: The standard method of 
measuring plant material moisture content is to 
oven dry it at 82°C for 72 hours. Moisture con­
tent (wet base) is the mass of water divided by 
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the wet mass. The moisture content of the residue affects 
the friction coefficient between the residue and the material 
of the handling machine. Friction coefficient is defined as 
the ratio between the force of friction and the force normal 
to the surface of contact. 
Î 
Example 
Two fields in the Agricultural Engineering Research 
Farm were selected for using the proposed system of descrip­
tion. The purpose of this example is to show how the pro­
posed system helps in describing and comparing residue 
properties for handling machines. The data are presented 
in Table 23. Figures 50, 51, 52, and 53 depict graphically 
some of the quantitative properties. 
Figure 50 shows a bar graph of the distribution of the 
standing stalk length in field (A) when a rotary mower was 
used to prepare the field for the managing machine. Figure 
51 shows a bar graph of the distribution of stalk length in 
field (B) when a sickle mower was used to prepare the field. 
Figures 52 and 53 depict the classification of the 
residue material in field (A) and field (B), respectively. 
Field measurement data are also shown in Table A.6 
of the Appendix. 
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Table 23. Qualitative and quantitative residue properties 
of two selected fields 
A. Qualitative properties 
Property 
1. Plant type 
2. Planting method 
3. Harvesting method 
4. Age 
5. Decomposition 
6. Stalk cutting 
method 
Field (A) 
Corn 
76 cm rows 
Combine 
One year 
Fairly decomposed 
Rotary mower 
Field (B) 
Corn 
76 cm rows 
Combine 
Two weeks 
No decomposition 
Sickle mower 
B. Quantitative properties 
Property Field (A) Field (B) 
1. Material per unit area 
2. Classification 
Stalks 
Husks 
Leaves 
Cobs 
3. Mean length of stalk 
pieces 
4. Stalk diameter 
5. Percent residue cover 
6. Moisture content 
Stalks 
Leaves 
Husks 
Cobs 
7,886 kg/ha 
67% 
5% 
0% 
28% 
12.7 cm 
80% 
16% 
12% 
25% 
11,531 kg/ha 
53% 
15% 
15% 
17% 
39.0 cm 
1.8 Cm 
95% 
55% 
23% 
38% 
28% 
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FRfOlJtNi.t 
LENC1H MIDPOINT 
Figure 50. Frequency distribution of length for standing 
stalks of field "A" 
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Figure 51. Frequency distribution of standing stalk 
length in field "B" 
HUSKS. 
=5% 
Figure 52. Classification of residue material in field "A" —fresh mass basis 
FIELD B 
HUSKS 
=15% 
LEAVES 
=15% 
COBS 
=17% 
STALKS 
=53% 
Figure 53. Classification of residue material in field "B"—fresh mass basis 
156 
THE THIRD VERSION OP THE RESIDUE 
MANAGING MACHINE 
Modifications 
With the objective of making the machine more efficient, 
Î stronger and more reliable, three major modifications were 
planned. These modifications were based on field observa­
tions and analysis of collected data from the previous 
tests. 
The first modification was to change the main frame 
of the machine. Using the same material, 5x5 square struc­
t u r a l  s t e e l  t u b i n g ,  t h e  m a i n  f r a m e  w a s  c h a n g e d  f r o m  t h e  ( X )  
shape to a (HI) shape. 
The second modification was to reinforce the flaps of 
the beater. Two sheets of 0.13 cm thick steel were used 
instead of the single sheet for each flap. The two sheets 
were bolted together around a frame made of 3x0.5 cm rec­
tangular steel pieces. 
The third modification was to change the mounting of 
, the machine. The machine was mounted on a tool bar held 
on a three-point hitch. This was done to increase the 
stability of the machine in the field. 
A removable hood was built and added to the managing 
machine. This hood could be opened for inspection or un-
clogging any time required. The sack holder was also 
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changed such a way that rubber bands were not needed to 
hold the sack. 
Figure 54 depicts a side view of the mounted third 
version of the residue managing machine. 
Field Testing 
Field conditions 
The guidelines discussed in the last chapter were used 
to describe residue characteristics. 
Tables 24 and 25 show the details of this description. 
Figure 55 depicts a pie graph showing residue classifica­
tion after the preparation process. 
Test procedure 
The same procedure and design as for the second version 
were followed. Each run was 9.1 m long. The test consisted 
of 24 runs, three belt speeds, two forward speeds, and 
four replications. One exception was that to remove edge 
effects, strips 56 cm wide were cleared for the machine 
run. 
The machine was tested with no mechanical problems 
except for belt side movement. 
Results 
A summary of the field testing of the third modifica­
tion is shown in Table 26. Table A6 in the Appendix shows 
the field test data. 
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Table 24. Qualitative properties of the third testing 
field 
Plant type 
Planting method 
Harvesting method 
Age 
Decomposition 
Stalk cutting method 
Corn 
76 cm rows 
Combine 
Three weeks 
No decomposition 
Rotary mower 
Table 25. Quantitative properties of the third testing 
field 
Material per unit area 27,372 kg/ha 
Classification 
Stalks 44% 
Husks 9% 
Leaves 40% 
Cobs 7% 
Mean length of stalk pieces 22.75 cm 
Stalk diameter 1.78 cm 
Residue cover 98% 
Moisture content (WB) 
Stalks 38.76% 
Leaves 23.80% 
Husks 30.63% 
Cobs 22.74% 
Figure 54. Third version of the residue managing machine 
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Figure 55. Classification of residue material in the third testing field 
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Figure 56. Percent residue picked vs. belt speed for the 
third version of the residue managing machine 
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Table 26a. Summary of results, field testing of third 
version of residue managing machine 
Forward 
speed 
km/hr 
Belt 
speed 
m/s 
Field 
residue 
kg/ha picked 
2.4 
2.4 
2.4 
4.8 
4.8 
4.8 
0.63 
0.94 
1.26 
0.63 
0.94 
1.26 
24,316 
26,819 
24,843 
28,901 
29,746 
29,606 
47 
63 
62 
41 
38 
54 
Table 26b. Analysis of variance for third version 
Source of 
variation d.f. S.S. M.S, 
Treatments 
Blocks 
Error 
Total 
5 
3 
15 
23 
2467.7 
3199.5 
4198.1 
9865.3 
493.5 
1066.5 
279.9 
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At a machine forward speed of 2.4 km/hr, percent resi­
due picked was 47, 63, and 62 for belt speeds of 0.63, 0.94, 
and 1.26 m/s, respectively. At a machine forward speed of 
4.8 km/hr, percent residue picked was 41, 38, and 54 for 
belt speeds of 0.63, 0.94, and 1.26 m/s, respectively. 
Figure 56 shows a plot of percent picked residue vs. 
belt speed. 
Evaluation 
The same trend was exhibited for the third as for the 
second version, that being increased percent residue picked 
with increased belt speed and with decreased forward speed. 
Table 26b shows the analysis of variance for the third 
version data. Again, the error mean square was high, for the 
same reasons as for the second version. 
The maximum percentage of residue picked by the second 
version was 54 at a belt speed of 1.26 m/s and forward speed 
of 4.8 km/hr. The maximum percentage of residue picked by 
the third version was 63 at a forward speed of 2.4 km/hr and 
belt speed of 0.94 m/s. 
From the literature reviewed, the amount of residue to 
be left on the soil for erosion control depends on many fac­
tors, including soil type, precipitation, and slope. From 
the equation of Laflen and Colvin (1981), MF = e^'^^, it is 
evident that soil loss is exponentially related to percent 
residue coverage. Hence, the higher the residue amount on 
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the surface, the better erosion control. 
However, Buchele (1967) , as cited by Buchele and Marley 
(1978), presented a budget for utilization of corn stalks on 
a Corn Belt farm. He suggested that 30 percent of the stalks 
produced should be left on the soil surface for controlling 
erosion. The level of 30 percent was accepted as the mini­
mum requirement for the residue managing machine. 
Comparing the maximum percent picked by the three 
versions of the residue managing machine, the third version 
was found to be superior with a maximum of 63. This is an 
increment of 20 percent over the first version and 17 per­
cent over the second version. The 63 percent picking 
ability obtained by the third version showed that it was a 
successful design. 
Field observation showed also that the third version 
was much stronger, more stable, and had less mechanical 
problems. However, further modifications were needed to 
improve machine performance. 
Final Modifications 
Clearance from the rear of the machine to the soil 
surface is an important parameter for this machine. This 
is because the intended use of the managing machine in­
cludes adding a herbicide applicator which applies and 
incorporates the herbicide in the soil. Such an addition 
requires some space for attachment and operation. 
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One approach to increasing machine rear clearance was 
to increase the length of the belt. An extra belt with the 
same dimensions (56x130 cm) was procured, and 72 fingers 
were fixed to it in the same way as for the first belt. 
The machine frame length was increased to allow for the 
extra belt. Instead of a direct drive, a chain and 
sprockets were used to connect the hydraulic motor to the 
driving shaft. This system could also allow for a wider 
range of speeds by changing sprocket sizes. 
The rear clearance was increased from 0.60 m to 1.04 
m. This could allow a variety of implements to be added 
to the residue managing machine. 
The second modification was aimed towards solving the 
belt side movement. The main cause of the belt's side move­
ment was found to be the unequal side forces acting on it. 
A new takeup device was built and installed on the managing 
machine in the hope that better control of the belt tension 
would solve this problem. 
Figures 57, 58, and 59 show the mechanical drawings of 
the final shape of the residue managing machine. Figure 57 
depicts a side view. Figure 58 a top view, and Figure 59 
a detailed view of the takeup device. 
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Figure 57. Side view of the final residue managing machine 
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Figure 59. Detailed view of the takeup device 
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CONCLUSIONS 
The conclusions of this dissertation are summarized 
follows: 
(1) The concept of a new machine that would allow 
incorporating chemicals with the soil, but re­
taining the surface cover at the same time was 
proven to be feasible. 
(2) A rear clearance of 1.04 m was made possible, 
allowing normal practices in field crop produc­
tion including fertilizer and herbicide appli­
cation and soil incorporation. 
(3) Dropping the residue back on the soil in an 
improved distribution should help protect the 
soil from water and wind erosion. 
(4) Machine performance analysis showed that percent 
collected residue increased as machine forward 
speed decreased and as belt speed increased. 
(5) The maximum picking percentage achieved by the 
residue managing machine in the described field 
conditions was 63 at forward speed of 2.4 km/hr 
and belt speed of 0.94 m/s. 
(6) Performance tests and field observations also 
showed that the residue managing machine had the 
potential to be reliable, easy to operate, and 
economical, while causing little soil disturbance. 
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Table Al. Dimensional analysis study of the corn residue 
managing machine for corn stalks—laboratory data 
K SB SB SF G W 
crop Ini- belt belt for- finger mass 
heiaht thick- tial speed speed ward length picked 
in2 ness crop rev/s m/s speed xlO^ per 5 s 
* xlo2 mass m/s m kg 
m m kg 
18 2 0.3 2 0.628 0.275 140 0.190 
18 2 0.3 1.5 0.471 0.275 140 0.163 
18 2 0.3 0.8 0.262 0.275 140 0.147 
18 4 0.4 2 0.628 0.275 140 0.225 
18 4 0.4 1.5 0.471 0.275 140 0.210 
18 4 0.4 0.8 0.262 0.275 140 0.190 
18 5 0.5 2 0.628 0.275 140 0.370 
18 5 0.5 1.5 0.471 0.275 140 0.327 
18 5 0.5 0.8 0.262 0.275 140 0.327 
17 2 0.3 2 0.628 0.275 140 0.233 
17 2 0.3 1.5 0.471 0.275 140 0.190 
17 2 0.3 0.8 0.262 0.275 140 0.183 
17 4 0.4 2 0.628 0.275 140 0.297 
17 4 0.4 1.5 0.471 0.275 140 0.302 
17 4 0.4 0.8 0.262 0.275 140 0.302 
17 5 0.5 2 0.628 0.275 140 0.413 
17 5 0.5 1.5 0.471 0.275 140 0.378 
17 5 0.5 0.8 0.262 0.275 140 0.343 
16 2 0.3 2 0.628 0.275 140 0.235 
16 2 0.3 1.5 0.471 0.275 140 0.228 
16 2 0.3 0.8 0.262 0.275 140 0.215 
16 4 0.4 2 0.628 0.275 140 0.317 
16 4 0.4 1.5 0.471 0.275 140 0.317 
16 4 0.4 0.8 0.262 0.275 140 0.293 
16 5 0.5 2 0.628 0.275 140 0.405 
16 5 0.5 1.5 0.471 0.275 140 0.425 
16 5 0.5 0.8 0.262 0.275 140 0.427 
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Table A2. Dimensional analysis study of the corn residue 
managing machine for corn leaves and husks 
H 
ma­
chine 
height 
X 102 
m 
K 
crop 
thick­
ness 
X 10% 
m 
Ini­
tial 
crop 
mass 
X 103 
kg 
SB SB SF G 
belt belt forward finger 
speed speed speed length 
rev/s m/s m/s x 103 
m 
W 
mass 
picked 
per 5s 
kg 
18 3 250 0.8 0.262 0.275 140 0.137 
18 3 250 1.2 0.367 0.275 140 0.144 
18 3 250 1.5 0.471 0.275 140 0.518 
18 3 250 2.0 0.628 0.275 140 0.183 
18 4 350 2.0 0.628 0.275 140 0.224 
18 4 350 1.5 0.471 0.275 140 0.213 
18 4 350 1.2 0.367 0.275 140 0.191 
18 4 350 0.8 0.262 0.275 140 0.174 
18 5 450 0.8 0.262 0.275 140 0.264 
18 5 450 1.2 0.367 0.275 140 0.288 
18 5 450 1.5 0.471 0.275 140 0.279 
18 5 450 2.0 0.628 0.275 140 0.285 
17 3 250 2.0 0.628 0.275 140 0.173 
17 3 250 1.5 0.471 0.275 140 0.161 
17 3 250 1.2 0.367 0.275 140 0.148 
17 3 250 0.8 0.262 0.275 140 0.140 
17 4 350 2.0 0.628 0.275 140 0.226 
17 4 350 1.5 0.471 0.275 140 0.215 
17 4 350 1.2 0.367 0.275 140 0.189 
17 4 350 0.8 0.262 0.275 140 0.155 
17 5 450 0.8 0.262 0.275 140 0.210 
17 5 450 1.2 0.367 0.275 140 0.233 
17 5 450 1.5 0.471 0.275 140 0.268 
17 5 450 2.0 0.628 0.275 140 0.310 
16 3 250 0.8 0.262 0.275 140 0.118 
16 3 250 1.2 0.367 0.275 140 0.116 
16 3 250 1.5 0.471 0.275 140 0.134 
16 3 250 2.0 0.628 0.275 140 0.173 
16 4 350 0.8 0.262 0.275 140 0.159 
16 4 350 1.2 0.367 0.275 140 0.193 
16 4 350 1.5 0.471 0.275 3 40 0.201 
16 4 350 2.0 0.628 0.275 140 0.208 
16 5 450 2.0 0.628 0.275 140 0.279 
16 5 450 1.5 0.471 0.275 140 0.269 
16 5 450 1.2 0.367 0.275 140 0.223 
16 5 450 0.8 0.262 0.275 140 0.164 
183 
Table A3. Field performance testing of the first version 
of the residue managing machine—percent picked 
Initial Collected 
km/hr per run per run 
(14.3 m2) kg 
kg 
1 2.4 14.311 5.211 36.41 
1 4.8 13.203 1.832 13.88 
1 9.2 16.221 1.205 7.43 
2 2.4 10.585 3.972 37.52 
2 4.8 11.847 3.350 28.28 
2 9.2 11.108 2.345 21.11 
3 2.4 7.751 4.976 64.20 
3 4.8 12.001 2.240 18.66 
3 9.2 9.476 1.735 18.31 
4 2.4 13.695 5.591 40.83 
4 4.8 9.045 2.990 33.08 
4 9.2 12.587 3.205 25.47 
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Table A4. Field performance testing data of the first 
version of the corn residue managing machine— 
residue cover measurements 
Treatment After cover 
Before After as a percent 
Repli­ Forward percent percent of before 
cate speed cover cover cover 
number km/hr 
1 2.4 76.5 25.2 32.94 
1 4.8 80.2 35.4 44.14 
1 9.2 79.67 55.6 69.84 
2 2.4 76.6 36.6 47.78 
2 4.8 83.2 25.8 31.01 
2 9.2 75.2 33 43.88 
3 2.4 82.4 29.4 35.68 
3 4.8 84.2 39.8 47.27 
3 9.2 80.8 48.2 59.65 
4 2.4 87.4 14 16.02 
4 4.8 84 40 47.62 
4 9.2 76.4 22.8 29.84 
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Table A5. Field performance testing of the second version 
of the residue managing machine—percent 
collected 
S = e 1:1 If = 
2.4 0.63 4.235 1.743 41.16 
2.4 0.94 4.199 1.713 40.8 
2.4 1.26 2.696 1.786 66.25 
4.8 0.63 3.179 0.638 20.07 
4.8 0.94 4.342 1.430 32.93 
4.8 1.26 2.569 1.498 58.31 
2 2.4 0.63 4.229 2.329 55.07 
2 2.4 0.94 4.361 2.264 51.91 
2 2.4 1.26 3.193 1.624 50.86 
2 4.8 0.63 4.848 2.203 45.44 
2 4.8 0.94 3.554 0.792 22.28 
2 4.8 1.26 4.385 2.132 48.62 
3 2.4 0.63 3.808 1.628 42.75 
3 2.4 0.94 3.455 2.108 63.33 
3 2.4 1.26 2.930 1.152 39.32 
3 4.8 0.63 2.635 0.990 37.57 
3 4.8 0.94 3.055 0.885 28.97 
3 4.8 1.26 4.648 1.302 28.01 
4 2.4 0.63 3.386 0.889 26.26 
4 2.4 0.94 3.990 2.508 62.86 
4 2.4 1.26 3.623 1.528 42.17 
4 4.8 0.63 3.571 0.973 27.25 
4 4.8 0.94 3.204 1.497 46,72 
4 4.8 1.26 2.721 0.551 20.25 
Table A6. Quantitative description data for field A and field B 
g^_ Stalk length Stalk diameter 
"-rr oi- !"• o?- !"• 
ber obs. obs. ^ev. 
A 1 0.135 0.056 0 0.147 47 10.5 4.1 54 1.2 0.7 
A 2 0.174 0.007 0 0.029 59 10.5 5.1 63 1.2 0.4 
A 3 0.131 0.004 0 0.051 32 12.7 5.2 40 1.2 0.6 
A 4 0.348 0 0 0.091 47 13.4 5.4 47 1.3 0.6 
A 5 0.264 0 0 0.096 43 13.4 4.1 42 1.3 0.5 
A 6 0.301 0.030 0 0.162 52 15.8 5.7 55 1.5 0.6 
B 1 0.567 0.461 0.415 0.403 22 36.0 9.7 25 1.6 0.3 
B 2 0.302 0.086 0.087 0.183 11 26.8 4.0 14 1.8 0.3 
B 3 0.424 0.036 0.048 0.035 12 29.3 5.2 14 2.0 0.6 
B 4 0.265 0.070 0.072 0.139 8 49.9 7.3 13 1.7 0.8 
B 5 0.557 0.062 0.070 0.152 7 53.3 5.4 14 1.8 0.7 
B 6 0.815 0.112 0.103 0.040 17 39.1 9.6 31 2.2 0.9 
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Table A7. Field performance testing of the third version 
of the residue managing machine—percent col­
lected 
Repli- Forward Belt 
cation speed speed 
number km/hr m/s 
Initial 
residue 
kg/run 
(5.1 m2) 
Collected 
residue 
kg/run 
(5.1 m2) 
Percent 
collected 
2.4 0.63 9.156 2.418 26.4 
2.4 0.94 • 10.171 3.890 38.3 
2.4 1.26 8.932 3.652 40.9 
4.8 0.63 6.048 2.625 43.4 
4.8 0.94 6.426 2.813 43.8 
4.8 1.26 7.595 4.432 58.4 
2 2.4 0.63 3.976 3.046 76.6 
2 2.4 0.94 7.315 3.524 48.2 
2 2.4 1.26 4.543 2.911 64.0 
2 4.8 0.63 12.446 3.670 29.5 
2 4.8 0.94 11.683 2.216 19.0 
2 4.8 1.26 11.270 4.530 40.2 
3 2.4 0.63 10.080 3.771 37.4 
3 2.4 0.94 9.681 7.443 76.9 
3 2.4 1.26 11.179 4.949 44.3 
3 4.8 0.63 10.360 4.566 44.1 
3 4.8 0.94 10.633 3.524 33.1 
3 4.8 1.26 8.974 3.394 37.8 
4 2.4 0.63 8.414 3.997 47.5 
4 2.4 0.94 7.714 6.957 90.2 
4 2.4 1.26 7.658 6.573 98.9 
4 4.8 0.63 8.736 4.344 49.7 
4 4.8 0.94 9.947 5.392 54.2 
4 4.8 1.26 10.668 8.615 80.8 
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